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ABSTRACT	  Vehicle	  sharing	  systems	  are	  becoming	  more	  and	  more	  common	  in	  developed	  cities,	   aiming	   to	  provide	  solutions	   to	  congestion	  and	  other	  problems	  derived	  from	  an	  excessive	  number	  of	  private	  cars,	  such	  as	  scarcity	  in	  garaging	  spaces.	  Besides,	  these	  systems	  also	  try	  to	  ensure	  that	  a	  larger	  number	  of	  people	  have	  access	  to	  different	  options	  of	  mobility.	  This	  project	  aims	  to	  model	  the	  bike	  sharing	  system	  of	  Barcelona,	  Bicing,	  and	  to	  obtain	   the	   significant	   trade-­‐offs	   that	   are	   present	   in	   this	   kind	   of	   schemes.	  Moreover,	  the	  model	  has	  been	  designed	  so	  as	  it	  is	  possible	  to	  extrapolate	  it	  to	  a	  system	  with	  electrical	  bicycles.	  A	  series	  of	  parameters	  have	  been	  studied	  and	  determined	  in	  order	  to	  describe	  the	   system	   in	   the	   best	   and	  most	   accurate	  way	   possible.	   On	   the	   one	   hand,	   a	  research	  has	  been	   carried	  out	   in	  order	   to	   identify	   the	  different	  kinds	  of	   cost	  parameters	  and	   find	  an	  estimation	   that	   is	   accurate	  enough	   for	   the	   system	   in	  Barcelona.	   On	   the	   other	   hand,	   a	   detailed	   study	   on	   the	   real	   demand	   of	   the	  system	   has	   been	   made	   so	   as	   to	   enable	   the	   understanding	   of	   the	   users’	  behaviour	  and	  the	  operation	  of	  the	  Bicing.	  	  With	  these	  parameters,	  a	  numerical	  continuous	  model	  has	  been	  designed	  and	  optimised	  in	  order	  to	  obtain	  a	  theoretical	  optimal	  design	  of	  the	  system	  and	  an	  estimation	   of	   the	   costs,	   which	   have	   been	   compared	   to	   the	   actual	   definition	  through	  some	  key	  performance	  indicators.	  These	  KPIs	  have	  been	  also	  used	  to	  make	   a	   sensibility	   analysis	   of	   the	   system	   that	   has	   allowed	   finding	   some	  optimal	  range	  values	  for	  the	  decision	  variables	  of	  the	  design.	  The	  model	  has	  been	  then	  applied	  to	  a	  system	  with	  electrical	  bicycles,	  enabling	  insightful	   comparisons	   between	   the	   two	   different	   systems	   and	   illustrating	  their	  most	  important	  differences	  in	  terms	  of	  costs	  and	  operation.	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1 INTRODUCTION	  Over	   the	  past	   decades,	   cities	   have	  become	  more	   and	  more	   congested	  due	   to	   the	  increasing	   presence	   of	   private	   cars.	   This	   fact	   not	   only	   turns	   out	   in	   a	   lack	   of	  infrastructure,	  but	  it	  also	  worsens	  the	  quality	  of	  life	  in	  the	  cities	  by	  contributing	  to	  pollution.	   Furthermore,	   a	   larger	   number	   of	   private	   vehicles	   imply	   a	   raise	   in	   the	  demand	   for	   garaging,	   which	   is	   becoming	   scarcer	   and	   consequently	   more	  expensive.	  	  This	   situation	   has	   led	   most	   cities	   to	   either	   improve	   and	   develop	   their	   public	  transportation	  systems	  by	  reducing	  average	   travel	   times	  and	   improving	  mobility	  in	  order	  to	  capture	  demand,	  as	  it	  is	  the	  case	  of	  the	  new	  bus	  system	  in	  Barcelona,	  or	  either	  implement	  vehicle	  sharing	  systems	  that	  make	  cars	  available	  to	  a	  larger	  part	  of	  the	  population	  and	  attack	  the	  problems	  of	  the	  parking	  and	  garaging	  scarcity	  and	  the	  high	  costs.	  These	  shared	  vehicle	  systems	  can	  be	  the	  best	  solution	  for	  sparse	  cities	  where	  good	  public	   transportation	   systems	  are	  expensive,	  but	  might	  not	  be	  optimal	   in	  denser	  cities	  where	  public	  transit	  already	  offers	  good	  service	  and	  where	  congestion	  might	  still	  be	  an	  issue.	  In	  this	  context,	  bicycles	  have	  become,	  again,	  a	  common	  means	  of	  transportation.	  It	  is	  a	  clean	  vehicle,	  even	  faster	  than	  cars	  in	  congested	  cities,	  they	  can	  have	  benefits	  to	  our	  health	  and,	  what’s	  more	   important,	   they	   can	  provide	   fast	   access	   to	  public	  transportation	  networks	  for	  longer	  trips.	  	  There	   are,	   however,	   a	   few	   downsides	   to	   the	   use	   of	   bicycles,	   especially	   when	   it	  comes	   to	   security	   when	   parking	   them	   in	   the	   streets	   or	   when	   using	   them	   as	   a	  complement	  of	  public	  transportation,	  having	  to	  carry	  them	  on	  trains	  or	  buses	  and	  sometimes	  needing	  an	  extra	  ticket.	  	  To	  face	  this	  situation,	  more	  than	  375	  cities	  in	  the	  world	  have	  set	  up	  public	  bicycle	  sharing	  systems	  [26]	  that	  offer	  the	  same	  benefits	  as	  private	  bicycles	  but	  avoid	  the	  main	  inconveniences	  stated	  above.	  	  
	   2	  
These	   sharing	   systems	   seem	   simple	   to	   implement,	   but	   they	   need	   significant	  investment	   and	   their	   correct	   characterization	   and	   dimensioning	   can	   save	   lots	   of	  money	  in	  operation	  costs.	  On	  one	  side,	  an	  over	  dimensioned	  scheme	  can	  result	  in	  unnecessary	  investment.	  On	  the	  other	  side,	  a	  sub-­‐dimensioned	  system	  might	  result	  in	   huge	   operation	   costs	   due	   to	   important	   relocation	   operations	   because,	   for	  example,	  there	  are	  not	  enough	  bicycles	  to	  serve	  existing	  demand.	  This	  situation	  has	  led	  to	  the	  study	  of	  the	  bicycle	  sharing	  system	  in	  Barcelona,	  called	  Bicing.	  The	  city	  of	  Barcelona	  is	  characterised	  by	  a	  particular	  topography,	  with	  an	  average	   slope	   of	   near	   2%,	   that	   creates	   the	   need	   of	   well	   planned	   and	   executed	  operations	  of	  rebalancing,	   i.e.,	  bicycles	  need	  to	  be	  relocated	  fast	  and	  efficiently	  to	  stations	  in	  big	  heights	  so	  that	  lost	  demand	  is	  minimized	  and	  bad	  service	  due	  to	  full	  stations	  too.	  The	  Bicing	  system	  is	  a	  one-­‐way	  bicycle	  sharing	  system.	  It	  has	  almost	  100.000	  users	  at	  the	  moment,	  paying	  an	  annual	  fee	  of	  47,16€	  that	  includes	  all	  trips	  shorter	  than	  30	  minutes	  [8].	  Despite	  its	  popularity,	  the	  system	  is	  known	  to	  suffer	  losses	  of	  more	  than	  10	  million	  of	  euros	  each	  year	  [6]	  and	  to	  offer	  a	  level	  of	  service	  far	  from	  living	  up	   to	   the	  expectations	  of	   the	  users,	  who	  complain	  about	   lack	   in	  bicycles	   in	  some	  stations	   and	   about	   lack	   in	   parking	   spots	   in	   some	   other	   [24].	   This	   creates	  inconveniences	  that	  can	  result	  in	  lost	  demand.	  This	  situation	  leads	  to	  the	  conclusion	  that	  repositioning	  is	  key	  in	  the	  operation	  of	  Bicing,	   and	   its	   costs	   confirm	   it:	   they	   alone	   represent	   about	   30%	   of	   operation	  expenses	  [24].	  	  All	  these	  reasons	  have	  made	  the	  author	  and	  the	  tutor	  of	  the	  thesis	  create	  a	  model	  that,	   using	   the	   characteristics	   of	   the	   city	   and	   some	   input	   parameters,	   gives	   the	  existing	   trade-­‐offs	   between	   the	   agency	   and	   the	   user	   costs	   of	   a	   bicycle	   sharing	  system	  and	  provides	  a	  theoretical	  optimal	  design	  of	  such	  a	  scheme	  for	  the	  city	  of	  Barcelona.	  Bicycles	  have	  many	  advantages	  discussed	  earlier	  on,	  but	  they	  have	  some	  limits	  too	  –	  they	  offer	  a	  restricted	  service	  both	  in	  time	  and	  distance.	  For	  longer	  trips,	  public	  or	  private	  transportation	  represent	  a	  better	  solution,	  although	  they	  are	  no	  longer	  as	  flexible	  and	  sustainable	  as	  bicycles.	  To	  face	  these	  limits,	  some	  private	  users	  have	  found	  an	  alternative:	  electrical	  bicycles.	  Hence,	   the	   needs	   of	   citizens	   are	   beyond	   the	   service	   provided	   by	   conventional	  bicycles,	  so	  setting	  up	  a	  bicycle	  sharing	  system	  compound	  by	  electrical	  vehicles	  is	  the	   next	   step	   after	   conventional	   bicycle	   sharing	   systems.	   This	   way,	   the	   city	   of	  Barcelona	  set	  up	  a	  pilot	  in	  December	  2014	  with	  300	  electrical	  bicycles	  and	  46	  new	  stations	  equipped	  with	  the	  charging	  technology	  [14].	  The	  service	  has	  an	  additional	  yearly	   cost	   of	   14€	   and	   every	   trip	   shorter	   than	   30	  minutes	   has	   an	   extra	   cost	   of	  0,45€	  [8].	  Due	   to	   this	   new	   turn	   in	   the	   concept	   of	   bicycle	   sharing	   systems,	   the	   model	  developed	   is	   conceived	  so	   that	  with	   the	  correct	  parameters,	   it	   is	  also	  possible	   to	  know	  the	  theoretical	  optimal	  design	  of	  a	  system	  with	  electrical	  bicycles.	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  For	  a	  proper	  assessment	  of	  the	  model	  and	  the	  precision	  of	  the	  results	  obtained,	  a	  meticulous	  estimation	  of	  the	  real	  parameters	  describing	  the	  actual	  Bicing	  system	  is	  needed.	  If	  the	  estimation	  is	  correct,	  the	  results	  of	  the	  model	  will	  be	  more	  objective	  and	   the	   optimization	   and	   design	   of	   the	   new	   system	   are	  more	   accurate.	   So	   as	   to	  ensure	  a	   solid	  basis	   for	   future	   research	  on	   the	   subject,	   this	  parallel	   research	  has	  been	  key	  to	  the	  development	  of	  this	  thesis.	  	   	  





2 UNDERSTANDING	  OF	  THE	  SYSTEM	  Both	   the	   users’	   behaviour	   and	   the	   agency’s	   operation	   strategies	   define	   a	   bike-­‐sharing	  system.	  The	  two	  parts	  involved	  have	  to	  be	  studied	  and	  understood	  so	  as	  to	  be	  able	  to	  build	  a	  model	  that	  describes	  the	  system	  as	  precisely	  as	  possible.	  
2.1 USER	  POINT	  OF	  VIEW	  The	  users’	  behaviour	   is	  basically	   influenced	  by	   the	  station	  density	  of	   the	  system.	  Whenever	  users	  wish	  to	  take	  a	  bicycle,	  they	  walk	  to	  the	  nearest	  station.	  Once	  they	  grab	   a	   bicycle,	   the	   rest	   of	   the	   trip	   is	   independent	   on	   the	   system’s	   design,	   so	   the	  users’	   costs	   in	   this	   system	   are	  mainly	   determined	   by	   their	   access	   costs,	   directly	  affected	  by	  the	  density	  of	  stations.	  Apart	  from	  the	  access	  costs,	  there	  are	  still	  other	  issues	  that	  depend	  on	  the	  agency	  and	  that	  can	  affect	  users.	  The	  first	  one	  is	  the	  lack	  in	  bicycles	  in	  the	  user’s	  nearest	  station,	   and	   the	   second	  one	   is	   the	   lack	   in	   free	   spots	   to	  park	   in	   the	   station	  of	   the	  destination.	  Whenever	  a	  user	  is	  found	  to	  be	  at	  an	  empty	  station,	  two	  things	  might	  happen	  depending	  on	  the	  willingness	  of	  the	  user	  –	  the	  user	  either	  goes	  to	  another	  station	  or	   either	   chooses	   to	  use	  another	  way	  of	   transportation.	  This	  bad	   level	  of	  service	  will	  affect	  the	  total	  costs	  of	  the	  system	  in	  the	  way	  of	  a	  penalisation	  that	  will	  have	  to	  be	  taken	  into	  account	  in	  the	  model.	  In	  order	  to	  avoid	  this	  situation	  and	  so	  lower	  lost	  demand,	  agencies	  have	  developed	  interactive	   maps,	   available	   in	   smartphones	   applications,	   in	   order	   to	   provide	  information	  about	  the	  status	  of	  the	  stations.	  These	  applications	  are	  also	  useful	  for	  users	   that	   already	  have	   their	   bicycle	   and	  want	   to	  park	   it,	   helping	   them	   find	   free	  spots	  near	  their	  final	  destination.	  
2.2 AGENCY	  POINT	  OF	  VIEW	  The	  Agency	  in	  charge	  of	  the	  operation	  of	  a	  bicycle	  sharing	  system	  (BSS)	  will	  base	  its	  decisions	  mainly	  on	  their	  cost,	  which	  can	  be	  divided	  in	  three	  components,	  the	  infrastructure	  investment,	  operation	  costs	  and	  the	  repositioning	  ones.	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Infrastructure	  costs	   include	  the	  fleet	  and	  the	  stations	  and	  the	  operation	  accounts	  for	   the	   administration	   of	   the	   system	   and	   its	   maintenance.	   In	   order	   to	   facilitate	  further	   calculations,	   infrastructure	   costs	   will	   be	   considered	   as	   directly	  proportional	   to	   the	   fleet	   size,	   and	   operation	   costs	   proportional	   to	   the	   system’s	  demand.	  With	   respect	   to	   fleet	   costs	   it	   seems	   obvious	   to	   assume	   that	   the	   cost	   is	  proportional	  to	  the	  number	  of	  bicycles.	  Concerning	  the	  stations,	  a	  hypothesis	  has	  to	  be	  made	  so	  that	  costs	  are	  proportional	  to	  fleet	  size.	  The	  assumption	  that	  is	  made	  is	  that	  small	  stations	  are	  avoided,	  so	  that	  the	  fixed	  installation	  costs	  become	  as	  low	  as	  possible.	  As	   for	  administration	  and	  maintenance,	   it	   also	   seems	  clear	   that	   they	  will	   increase	   with	   the	   intensity	   of	   use	   of	   the	   system,	   so	   they	   are	   clearly	  proportional	  to	  the	  demand	  –	  the	  higher	  the	  number	  of	  trips	  made,	  the	  higher	  the	  costs	  to	  maintain	  and	  operate	  the	  system.	  Repositioning	   can	   be	   necessary	   due	   to	   two	   different	   phenomenon	   that	   cause	  asymmetric	   displacements.	   This	   asymmetry	   ends	   in	   accumulation	   of	   bicycles	   in	  certain	  areas	  (centric	  ones	  most	  of	  the	  times)	  and	  lack	  in	  bicycles	  in	  others.	  In	  the	  case	  of	  Barcelona,	  the	  unbalance	  of	  the	  system	  is	  partly	  due	  to	  the	  average	  slope	  of	  the	   city.	   In	   this	   case	   bicycles	   are	   accumulated	   in	   lower	   areas	  whilst	   the	   highest	  stations	   of	   the	   system	  barely	   have	   any	   vehicle	   left.	   The	   second	  process	   affecting	  repositioning	   is	   the	   decentralization	   of	   the	   demand.	   In	   this	   case	   there	   is	   no	  influence	  of	  the	  slope,	  but,	  still,	  demand	  can	  be	  higher	  in	  some	  specific	  areas	  and	  lower	   in	  others	  at	  a	  certain	   time.	  This,	  again,	  causes	   that	  users	  only	  move	   in	  one	  direction	  and	  makes	  repositioning	  a	  key	  factor	  in	  order	  to	  ensure	  a	  good	  service.	  Repositioning	   can	   either	   be	   done	   continuously	   or	   periodically.	   In	   the	   city	   of	  Barcelona	  a	  continuous	  and	  previously	  planned	  repositioning	  is	  combined	  with	  an	  emergency	  one	  [5].	  The	  planned	  one	  is	  based	  on	  the	  observation	  of	  the	  system	  and	  on	   the	   predictions	   that	   can	   be	   made	   from	   it.	   The	   emergency	   repositioning	   is	  activated	   whenever	   a	   station	   has	   fewer	   bicycles	   than	   an	   established	   threshold.	  Given	   the	  complexity	   to	   introduce	   these	   two	  different	  kinds	  of	   repositioning	   in	  a	  model,	   from	   now	   on	   repositioning	   will	   be	   supposed	   to	   be	   periodical	   (after	   a	  defined	  number	  of	  hours)	  and	  independent	  of	  the	  existing	  demand,	  meaning	  that	  repositioning	  does	  not	  affect	  the	  level	  of	  service	  of	  the	  system	  even	  if	  it	  is	  reducing	  temporarily	  the	  number	  of	  available	  bicycles.	  	  
2.3 QUALITATIVE	  APPROACH	  TO	  THE	  TRADE-­‐OFFS	  OF	  THE	  SYSTEM	  As	   in	   any	   other	   system	   that	   combines	   users	   and	   agency	   costs,	   a	   bicycle	   sharing	  system	  has	  some	  trade-­‐offs.	  Improvements	  that	  would	  reduce	  user	  costs	  increase	  the	  agency	  ones	  and	  vice-­‐versa.	  	  From	  this	   first	  approach	   to	   the	   functioning	  of	   the	  system,	  one	  of	   the	  main	   trade-­‐offs	  can	  already	  be	  identified,	  related	  to	  the	  density	  of	  stations.	  The	  more	  stations	  per	  unit	  area,	  the	  smaller	  the	  user	  costs	  because	  the	  access	  time	  is	  shorter	  but	  the	  higher	  the	  infrastructure	  expenses.	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There	  will	  also	  be	  a	  clear	  trade-­‐off	  between	  the	  repositioning	  operations	  and	  the	  level	  of	  service	  provided,	  or	  even	  trade-­‐offs	  only	  reflected	  in	  the	  agency	  costs,	  such	  as	  equilibrium	  between	  the	  fleet	  size	  and	  the	  repositioning	  operations	  needed.	  	  It	   is	  these	  trade-­‐offs	  that	  will	  allow	  finding	  an	  optimal	  design	  of	  a	  bicycle	  sharing	  system	  for	  the	  city	  of	  Barcelona	  that	  will	  minimise	  the	  total	  costs.	  Section	  5.3	  and	  Appendix	  2	  are	  devoted	  to	  the	  numerical	  and	  analytical	  analysis	  of	  these	  trade-­‐offs	  and	  how	  they	  affect	  the	  total	  cost	  of	  the	  system.	  	   	  





3 MODELLING	  In	   this	   section	   the	   modelling	   used	   to	   represent	   the	   bicycle	   sharing	   system	   of	  Barcelona	  is	  presented,	  defining	  its	  main	  parameters	  and	  explaining	  the	  reasoning	  behind	  the	  equations.	  
3.1 DEFINITION	  OF	  THE	  SERVICE	  AREA	  The	  model	  applies	  to	  a	  service	  region	  of	  area	  R	  (km2)	  whose	  downhill	  cumulative	  area	  (Rz)	  follows	  Equation	  1	  and	  is	  schematically	  represented	  in	  Figure	  1.	  	  	  𝑅! 𝑧 = 𝑧𝑧! · 𝑅	  
Equation	  1	  
	  
Figure	  1	  Downhill	  cumulative	  area	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Two	  assumptions	  were	  made	  concerning	  the	  topology	  of	  the	  service	  area.	  The	  first	  one	  is	  the	  smoothness	  of	  the	  surface,	  with	  no	  hills	  abruptly	  changing	  the	  slope	  or	  different	  flat	  areas	  at	  different	  heights.	  Thus,	  the	  slope	  is	  approximately	  constant.	  In	  Figure	  1,	  zm	  represents	  the	  maximum	  change	  in	  height.	  For	  further	  equations,	  it	  is	  convenient	  to	  maintain	  data	  centred	  at	  z! 2,	  so	  𝑧 ∈ − !!! , !!! 	  and	  𝑅! ∈ − !! , !! .	  The	   second	   assumption	   consists	   in	   defining	   the	   service	   area	   as	   a	   one-­‐side	   slope	  with	  a	  rounded	  or	  square	  shape,	  which	  allows	  the	  definition	  of	  the	  average	  slope	  α	  (Equation	  2)	  with	   𝑅	  being	  the	  distance	  between	  the	  locations	  with	  𝑧!"#	  and	  𝑧!"# .	  𝛼 = 𝑧!𝑅	  
Equation	  2	  The	   next	   step	   in	   the	   definition	   of	   the	   service	   area	   is	   determining	   the	   system’s	  demand,	  which	  is	  highly	  affected	  by	  the	  average	  slope	  of	  the	  city.	  This	  fact	  is	  taken	  into	  account	  with	  the	  introduction	  of	  P(α).	  This	  parameter	  determines	  the	  portion	  of	   uphill	   trips	   that	   are	   lost	   due	   to	   the	   average	   slope	   of	   the	   city.	   As	   a	   first	  approximation,	   it	   is	   supposed	   to	   increase	   linearly	   with	   slope,	   so	   for	   the	   city	   of	  Barcelona,	  considered	  to	  have	  a	  constant	  slope,	  P(α)	  will	  have	  a	  unique	  value.	  Once	   this	   parameter	   introduced,	   the	   requests	   and	   returns	   of	   the	   system	   can	   be	  defined.	  Due	  to	  this	  loss	  of	  uphill	  trips,	  it	  is	  reasonable	  to	  assume	  that	  both	  of	  them	  are	  height	  dependant.	   If	  λ	  is	   the	   average	  peak	  demand	  of	   the	   system	   (in	  units	   of	  demand/km2·h),	  then	  requests	  (λ!)	  and	  returns	  (λ!)	  are	  described	  by	  Equation	  3a	  and	  Equation	  3b	  respectively.	  𝑎)          𝜆! 𝑧 = 𝜆 · 1+ 𝑃 𝛼 · 𝑅!𝑅 2 = 𝜆 · 1+ 𝑃 𝛼 · 2 · 𝑧𝑧!            #𝑟𝑒𝑞𝑢𝑒𝑠𝑡𝑠𝑘𝑚! · ℎ 	  𝑏)            𝜆! 𝑧 = 𝜆 · 1− 𝑃 𝛼 · 𝑅!𝑅 2 = 𝜆 · 1− 𝑃 𝛼 · 2 · 𝑧𝑧!            #𝑟𝑒𝑡𝑢𝑟𝑛𝑠𝑘𝑚! · ℎ 	  
Equation	  3	  Equation	  3	  describes	  requests	  and	  returns	  in	  a	  way	  that	  requests	  increase	  with	  z	  increasing	   and	   returns	   decrease	   with	   z	   increasing.	   In	   order	   to	   obtain	   the	   final	  expression,	   the	   first	   assumption	   concerning	   the	   topology	   of	   the	   service	   area	   has	  been	   used,	   where	  𝑧 ∈ − !!! , !!! .	   Because	   the	   system	   is	   in	   equilibrium,	   the	   total	  number	  of	  requests	  and	  the	  total	  number	  of	  returns	  are	  the	  same	  at	  the	  end	  of	  the	  day	  and	  that	  can	  be	  considered	  as	  the	  total	  demand	  of	  the	  system.	  By	  combining	  Equation	  3a	  and	  Equation	  3b	  it	  is	  possible	  to	  obtain	  a	  new	  equation	  (Equation	   4)	   that	   is	   independent	   of	   the	   number	   of	   requests	   or	   returns	   and	   that	  only	  depends	  on	  their	  ratio	  𝛿,	  which	  can	  be	  assumed	  constant	  for	  a	  given	  height.	  𝑇𝑜𝑡𝑎𝑙  𝑟𝑒𝑞𝑢𝑒𝑠𝑡𝑠 𝑇𝑜𝑡𝑎𝑙  𝑟𝑒𝑡𝑢𝑟𝑛𝑠 = 𝛿 = 𝜆! · 𝑅 · 𝑇𝜆! · 𝑅 · 𝑇 = 𝜆!𝜆! = 1+ 𝑃 𝛼 · 2𝑧 𝑧!1− 𝑃 𝛼 · 2𝑧 𝑧!	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Or,	  equivalently,	   𝛿 − 1𝛿 + 1 = 𝑃 𝛼 · 2𝑧𝑧!	  
Equation	  4	  Finally,	  by	   the	  definition	  of	  λ,	   the	   total	  hourly	  peak	  demand	  of	   the	  system	   is	  λ · R	  (demand/h).	  
3.2 STRATEGIC	  AND	  TACTICAL	  VARIABLES	  Any	   system	   has	   three	   kinds	   of	   decision	   variables	   –	   strategic,	   tactical	   and	  operational.	  The	  way	  the	  BSS	  scheme	  is	  approached	  here	  defines	  of	  what	  kind	  each	  variable	  is.	  So,	  on	  one	  side,	  there	  are	  the	  strategic	  variables,	  which	  are	  the	  ones	  who	  describe	  the	  system	  in	  the	  design	  stage.	  In	  the	  system	  studied,	  it	  is	  the	  case	  of:	  -­‐ The	  density	  of	  stations,	  𝚲	  (in	  units	  of	  number	  of	  stations	  per	  km2),	  assumed	  constant	  in	  the	  service	  region	  -­‐ The	  repositioning	  period,	  h	  (in	  hours)	  -­‐ The	  probability	  of	  no	  service	  P,	  assuming	  there	  will	  be	  a	  part	  of	  the	  demand	  that	  will	  suffer	  from	  poor	  service	  -­‐ The	  minimum	  number	  of	  repositioning	  operations	  needed	  in	  one	  station	  so	  that	   it	   is	   visited	   in	   one	   repositioning	   period,	   k	   (in	   units	   of	   number	   of	  repositioning	  operations)	  The	  four	  previous	  parameters	  are	  the	  decision	  variables	  of	  the	  system.	  Once	  their	  optimal	   values	   are	   obtained,	   other	   important	   KPIs	   at	   the	   strategic	   level	   will	   be	  determined,	  namely	  the	  total	  fleet	  size	  (m)	  and	  the	  costs	  of	  the	  system.	  On	   the	  other	  side,	   there	  are	   tactical	  parameters.	  These	  are	   the	  ones	  used	   to	  best	  apply	  the	  design	  to	  the	  real	  system.	  In	  this	  case,	  these	  variables	  are:	  -­‐ The	  size	  of	  stations,	  M(z)	  -­‐ The	  initial	  number	  of	  bicycles	  in	  each	  station	  after	  a	  complete	  repositioning,	  
O(z)	  Both	  parameters	  are	  height	  dependent.	  Finally,	   after	   the	   strategic	   and	   the	   tactical	   parameters,	   there	   are	   the	   operational	  decision	  variables,	  which	  for	  a	  bike-­‐sharing	  system	  are	  mainly	  the	  characteristics	  of	  the	  repositioning	  operation,	  which	  will	  not	  be	  optimized	  in	  this	  thesis	  besides	  k,	  considered	  as	  a	  strategic	  parameter.	  
3.3 ASSUMPTIONS	  ON	  THE	  OPERATION	  OF	  THE	  SYSTEM	  Before	   the	   definition	   of	   the	   model,	   there	   are	   some	   assumptions	   about	   the	  operation	  of	  the	  system	  that	  need	  to	  be	  explained.	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During	  a	  day,	  there	  is	  a	  certain	  probability	  of	  no	  service	  accepted	  that	  can	  appear	  as	  a	  probability	  of	  finding	  a	  station	  empty	  (Pe)	  or	  full	  (Pf).	  Thus,	  as	  a	  consequence	  of	   that,	  a	  Pe	  +	  Pf	   fraction	  of	  stations	  will	  not	  be	  visited	  at	  each	  rebalancing	  period	  because	  of	   this	  accepted	   level	  of	   service.	  Moreover,	   rebalancing	  movements	  with	  low	  added	  value	  will	  not	  be	  undertaken,	  meaning	  that	  only	  stations	  with	  a	  number	  of	  repositioning	  operations	  larger	  than	  the	  minimum	  defined	  by	  k	  will	  be	  visited.	  This	   causes	   that	   another	   F	   fraction	   of	   stations	   will	   neither	   be	   visited	   every	  repositioning	  period	  h.	  This	  F	   fraction	   is	   found	  by	  calculating	  up	   to	  which	  height	  rebalancing	  is	  smaller	  than	  k	  operations,	  times	  the	  total	  number	  of	  stations	  Λ	  and	  dividing	  it	  over	  zm	  (see	  Figure	  2).	  The	  unbalance	  of	  the	  system	  is	  caused	  by	  the	  slope	  of	  the	  city.	  This	  prompts	  that	  areas	   located	   at	   positive	   z	   (according	   to	   Figure	   1)	   suffer	   more	   requests	   than	  returns,	  reducing	  the	  number	  of	  available	  bicycles.	  The	  net	  change	  of	  bicycles	  per	  unit	  time	  and	  unit	  area	  is	  given	  by	  Equation	  5.	  𝜆! − 𝜆! = − 4 · 𝑧𝑧! · 𝜆! · 𝑃 𝛼                𝑏𝑖𝑐𝑦𝑐𝑙𝑒𝑠ℎ · 𝑘𝑚! 	  
Equation	  5	  In	  order	  to	  obtain	  the	  average	  unbalance	  after	  one	  repositioning	  period,	  Equation	  5	   has	   to	   be	  multiplied	   times	   h.	   If	   this	   is	  made	   equal	   to	   k·Λ,	   then	  𝑧! = !·!·!!!·!!·! ! ·!.	  Given	  that	  𝐹 = !·!!!! ,	  then	  finally:	  𝐹 = 𝑘 · Λ2 · 𝜆! · 𝑃 𝛼 · ℎ	  
Equation	  6	  
	  
Figure	  2	  Diagram	  of	  the	  average	  unbalance	  as	  a	  function	  of	  height	  and	  related	  to	  k	  
z 
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The	   stations	   that	   are	   not	   visited	   every	   repositioning	   period	   will	   be	   visited	   on	  average	  every	  hR,	   larger	  than	  h.	  Given	  the	  definition	  of	  unbalance,	  an	  𝐹 2	  fraction	  of	  stations	  will	  be	  visited	  every	  2 · ℎ,	  an	  𝐹 6	  fraction	  every	  3 · ℎ,	  so	  an	  𝐹 𝑛 · (𝑛 + 1)	  fraction	  will	  be	  visited	  every	   𝑛 + 1 · ℎ.	  To	  find	  the	  average	  period,	  the	  following	  series	  needs	  to	  be	  solved:	  
ℎ! = 𝐹𝑛 · (𝑛 + 1) · 𝑛 + 1 · ℎ!!!! 𝐹 = 1𝑛!!!! · ℎ	  The	  series	  is	  divergent,	  so	  to	  obtain	  a	  result	  the	  number	  of	  terms	  that	  need	  to	  be	  summed,	   n*,	   have	   to	   be	   defined	   in	   order	   to	   get	   a	   good	   approximation	   of	   hR.	   The	  value	   of	   n*	   is	   chosen	   so	   that	   the	   fraction	   of	   stations	   visited	   every	   𝑛 + 1 · ℎ	  corresponds	  to	  visiting	  the	  last	  station	  remaining.	  Then:	  𝐹 · Λ · 𝑅𝑛∗ · (𝑛∗ + 1) = 1 →     𝑛∗ = 1+ 4 · 𝐹 · Λ · 𝑅 − 12 	  Within	  the	  F	  fraction	  of	  stations,	  a	   !!!∗!!! !!	  fraction	  will	  in	  fact	  be	  visited	  every	  h,	  so	  the	  fraction	  of	  stations	  that	  will	  be	  visited	  every	  h	  is	  finally:	  
P! = 1− 𝑃! − 𝑃! − 1− 1𝑛!∗!!!
!! · 𝐹 < 1	  
Equation	  7	  And	  the	  density	  of	  stations	  to	  be	  rebalanced	  every	  h	  is	  Λ! = 𝑃! · Λ < Λ.	  
3.4 GENERALIZED	  COST	  FUNCTION.	  STRATEGIC	  LEVEL	  The	   function	   that	   is	   going	   to	   be	   optimised	   in	   order	   to	   find	   the	   optimal	   strategic	  parameters	  m*,	  𝛬*,	  h*,	  P*	  and	  k*	  is	  the	  generalised	  cost	  function	  of	  the	  system.	  	  The	  optimization	  will	  be	  carried	  out	  in	  its	  Lagrangian	  form,	  as	  the	  definition	  of	  the	  standards	   for	   the	  users’	  cost	   is	  of	  no	   interest	   for	   this	  research	  and,	  besides,	  each	  term	  of	  these	  users’	  costs	  will	  be	  prorated	  with	  a	  different	  value	  of	  time	  to	  account	  for	  different	  types	  of	  losses.	  The	  general	  form	  of	  the	  general	  cost	  function	  is	  shown	  in	  Equation	  8.	  The	  following	  sections	  are	  devoted	  to	  explaining	  each	  term	  of	  the	  function.	  
	  
Equation	  8	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3.4.1 Infrastructure	  costs	  (IC)	  As	   explained	   in	   previous	   sections,	   infrastructure	   costs	   are	   considered	   to	   be	  proportional	  to	  the	  fleet	  size.	  The	  fleet	  costs	  are	  obviously	  proportional	  to	  the	  fleet	  size	   and	   the	   cost	   of	   building	   stations	   per	   unit	   capacity	   (slot)	   can	   be	   assumed	  proportional	  to	  the	  fleet	  if	  stations	  do	  not	  have	  a	  significant	  fixed	  cost	  independent	  of	  the	  total	  number	  of	  slots,	  which	  implies	  that	  very	  small	  stations	  are	  avoided.	  It	  is	  then	  possible	  to	  estimate	  a	  cost	  factor	  𝛾	  (€/(h·bike))	  as	  a	  prorated	  hourly	  cost	  of	  acquisition	  of	  the	  bicycles	  and	  renewing	  them	  as	  well	  as	  the	  construction	  of	  the	  stations.	  Now,	   to	   finally	  obtain	   the	   infrastructure	  costs,	   the	   fleet	  size	  needs	   to	  be	  defined.	  The	  number	  of	  bicycles	   in	   the	  system	  can	  be	  split	  up	   in	   five	   terms,	  each	  of	   them	  considering	  a	  different	  phenomenon	  requiring	  a	  certain	  number	  of	  bicycles.	  They	  are	  defined	  as	  follows.	  
a) Expected	  number	  of	  bicycles	   in	  use	  in	  the	  system.	  It	   is	   the	  basic	   term	  of	   the	  fleet	  size	  equation	  and	  it	  can	  be	  obtained	  with	  the	  help	  of	  Little’s	  equation.	  In	  queuing	  theory,	  Little’s	  equation	  gives	  the	  long-­‐term	  average	  number	  of	  customers	  in	  a	  system	  as	  the	  multiplication	  of	  the	  long-­‐term	  average	  arrival	  rate	   times	   the	   average	   time	   spent	   by	   a	   customer	   in	   the	   system	   [10].	   In	   a	  BSS,	  the	  arrival	  rate	  is	  the	  total	  hourly	  demand	  λ · R	  and	  the	  time	  spent	  by	  each	  customer	  is	  the	  average	  travel	  time	  𝜏!	  (h).	  With	  this	  data,	  the	  expected	  number	  of	  bicycles	  in	  use	  in	  the	  system	  is	  λ · R · 𝜏!.	  
b) Safety	   stock	   to	   account	   for	   demand	   fluctuations.	   Demand	   might	   not	   be	  constant	  and	  equal	  to	  the	  average	  during	  all	  the	  repositioning	  interval	  h,	  so	  fluctuations	  are	   to	  be	  considered.	  Assuming	  Poisson	  requests,	   the	  average	  and	  the	  variance	  of	   the	  demand	  coincide.	  The	  safety	  stock	   is	  calculated	  as	  𝐹!!(1− 𝑃) · 𝑆𝑡𝑑.𝐷𝑒𝑣.,	   being	   	   the	   standard	   deviation	   λ · R · 𝜏!.	   The	   term	  𝐹!!(1− 𝑃)	  accounts	   for	   the	   desired	   level	   of	   service	   and	   is	   given	   by	   the	  inverse	   of	   the	   standard	   normal	   cumulative	   density	   function	   of	  (1− 𝑃),	  being	  P	  the	  probability	  of	  no	  service.	  
c) Additional	  stock	  to	  account	  for	  the	  average	  unbalance	  of	  the	  system.	  Average	  unbalance,	  explained	  in	  section	  3.3,	  is	  described	  by	  Equation	  5,	  reproduced	  below,	  and	  needs	  an	  extra	  stock	  of	  bicycles	  in	  order	  to	  assure	  the	  previously	  defined	  level	  of	  service	  of	  the	  system.	  𝜆! − 𝜆! = − 4 · 𝑧𝑧! · 𝜆! · 𝑃 𝛼                𝑏𝑖𝑐𝑦𝑐𝑙𝑒𝑠ℎ · 𝑘𝑚! 	  For	  positive	  z,	  this	  net	  change	  is	  negative	  as	  expected.	  In	  order	  to	  calculate	  the	  average	  negative	  unbalance	  of	  the	  system,	  Equation	  5	  is	  integrated	  from	  0	   to	  𝑧!"# = 𝑧!/2	  and	   divided	   by	   the	  modulus	  𝑧!/2,	   resulting	   in	  𝜆! · 𝑃 𝛼 	  bicycles/(h·km2).	  The	  result	  is	  in	  units	  of	  density	  of	  demand	  per	  unit	  time,	  so	   to	   obtain	   the	   total	   number	   of	   bicycles	   it	   is	   multiplied	   times	   the	   area	  suffering	   from	   negative	   unbalance	   (R/2)	   and	   the	   repositioning	   interval	   h	  (Equation	  9).	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𝐴𝑣𝑔.𝑢𝑛𝑏𝑎𝑙𝑎𝑛𝑐𝑒 = 𝜆! · 𝑃 𝛼 · ℎ · 𝑅2	  
Equation	  9	  It	  is	  to	  notice	  that	  in	  Equation	  9	  demand	  is	  no	  longer	  𝜆	  but	  𝜆! .	  Thus	  far	  the	  average	  peak	  demand	  has	  been	  used,	  as	   it	   is	   the	  one	  affecting	  the	  average	  number	   of	   bicycles	   in	   use	   and	   also	   fluctuations.	   In	   this	   case,	   the	   average	  number	   of	   unbalanced	   bicycles	   is	   no	   longer	   determined	   by	   the	   peak	  demand	  but	  by	  the	  average	  demand	  during	  a	  rebalancing	  period,	  written	  as	  𝜆! .	  
d) Additional	  stock	  due	  to	  decentralization	  of	  the	  system.	  Decentralization	  is	  the	  variation	  of	  demand	   in	   space	  and	   it	   enlarges	   the	   fleet	   size	  needed	  so	   that	  those	  areas	  whose	  demand	  is	  greater	  but	  not	  their	  returns	  can	  still	  provide	  a	  good	   level	  of	   service.	  Decentralization	  can	  be	  obtained	  by	  calculating	  de	  variance	  of	  the	  net	  change	  (Equation	  5).	  By	   using	   the	   properties	   of	   the	   variance	   and	   assuming	   independency	  between	  requests	  and	  returns	  for	  simplification:	  𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝜆! − 𝜆! = 𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝜆! + 𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝜆! = 2 · 𝜆!        𝑑𝑒𝑚𝑎𝑛𝑑ℎ · 𝑘𝑚! 	  
Equation	  10	  In	  Equation	  10	  the	  hypotheses	  of	  the	  Poisson	  requests	  has	  been	  used	  again	  so	  the	  variance	  is	  equal	  to	  the	  mean.	  	  Thus,	   the	  average	  decentralization	   in	  one	  station	  and	   in	  one	  repositioning	  interval	  is	  2 · 𝜆! · ℎ · 1/Λ .	  	  Again,	  a	  safety	  stock	  of	  𝐹!!(1− 𝑃) · 𝑆𝑡𝑑.𝐷𝑒𝑣.  is	  considered,	  assuming	  again	  a	  Poisson	  process	  and	  with	  the	  standard	  deviation	  being	   2 · 𝜆! · ℎ · 1/Λ 	  As	   a	   final	   step,	   the	   safety	   stock	   needs	   to	   be	   multiplied	   times	   the	   total	  number	  of	  stations	  Λ · 𝑅.	  
e) Additional	  stock	  to	  account	  for	  not	  complete	  rebalancing	  every	  h.	  Because	  of	  the	   definition	   of	   the	   parameter	   k,	   it	   is	   assumed	   that	   not	   all	   the	   needed	  rebalancing	   operations	   are	   done	   every	   h.	   On	   the	   contrary,	   those	   stations	  that	  have	  less	  than	  k	  repositioning	  movements	  to	  be	  done	  will	  not	  be	  visited	  every	   h,	   but	   every	   larger	   period	   hR.	   The	   average	   unbalance	   of	   these	  unvisited	  stations,	  in	  units	  of	  density	  of	  demand,	  is	  (𝑘 · Λ)/2	  every	  h,	  so	  in	  a	  period	  ℎ! − 1	  the	   average	  unbalance	  will	   be	  (𝑘 · Λ · h! − 1 )/2	  in	   units	   of	  bicycles/km2.	   The	   area	   that	   corresponds	   to	   the	   stations	   needing	   more	  bicycles	  is	  half	  the	  portion	  of	  area	  of	  the	  unvisited	  stations,	  so	  (𝐹 · 𝑅)/2.	  The	  total	   unbalance	   can	   then	   be	   calculated	   as	  (𝑘 · Λ · F · R · h! − 1 )/4	  and	   it	  represents	   the	   additional	   number	   of	   bicycles	   needed	   to	   account	   for	  incomplete	  rebalancing.	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With	  the	  five	  components	  of	  the	  fleet	  size	  defined	  they	  just	  need	  to	  be	  summed	  up	  to	  obtain	  the	  total	  number	  of	  bicycles	  required	  in	  the	  system	  (Equation	  11).	  In	  this	  equation	  there	  is	  one	  more	  parameter,	  ξ,	  that	  accounts	  for	  the	  number	  of	  bicycles	  that	  are	  being	  repaired.	  𝑚 = 𝜉 · 𝜆 · 𝑅 · 𝜏! + 𝐹!! 1− 𝑃 · 𝜆 · 𝑅 · 𝜏! + 𝑅 · 𝜆! · 𝑃 𝛼 · ℎ2                               + 𝐹!! 1− 𝑃 · 𝑅 · 2 · 𝜆! · ℎ · Λ+ 𝑘 · Λ · F · R · h! − 14 	  
Equation	  11	  This	  last	  equation	  is	  conservative.	  The	  unbalance	  of	  the	  system	  is	  only	  taken	  into	  account	  as	  an	  unfavourable	  phenomenon,	  but	  in	  reality	  it	  can	  be	  favourable	  at	  z<0,	  as	  there	  are	  more	  bicycles	  that	  are	  returned	  than	  requested.	  This	  approach	  will	  be	  analysed	  in	  section	  3.6.	  Just	  as	  a	  reminder,	  the	  system	  is	  designed	  for	  the	  peak	  hour.	  This	  means	  that	  the	  demand	  considered	   in	   the	  equations	  (𝜆)	   is	   the	  average	  peak	  demand	  that	  can	  be	  sustained	   for	   a	   duration	   that	   is	   longer	   than	   the	   riding	   time.	   This	   will	   affect	   the	  average	   number	   of	   bicycles	   in	   use	   during	   the	   peak	   period	   and	   the	   demand	  fluctuations	   during	   the	   peak	   periods.	   However,	   safety	   stocks	   accumulate	   for	   a	  duration	  h	   longer	   than	   the	   riding	   time,	   so	   the	  demand	   to	  be	   considered	   in	   these	  cases	  is	  the	  average	  demand	  density	  that	  can	  be	  maintained	  during	  h	  (𝜆! ,	  smaller	  than	  𝜆).	  
3.4.2 Operative	  costs	  (OC)	  This	  term	  of	  the	  equation	  is	  calculated	  with	  a	  parameter	  that	  gives	  the	  cost	  per	  trip	  of	  the	  entire	  operative,	  administrative	  and	  maintenance	  operations,	  γe	  (in	  €/trip).	  To	  obtain	  the	  total	  operative	  costs	  in	  the	  system,	  it	  is	  only	  needed	  to	  multiply	  this	  parameter	   times	   the	   average	   demand	   λ	   and	   the	   service	   area	   R.	   With	   this,	   the	  operative	  costs	  are	  represented	  in	  units	  of	  €	  per	  hour	  and	  are	  ready	  to	  be	  added	  to	  the	  other	  terms	  of	  the	  generalized	  cost	  function.	  
3.4.3 Repositioning	  costs	  (RC)	  Some	  hypotheses	  are	  made	  concerning	  the	  repositioning	  operations:	  -­‐ Repositioning	   is	   done	   with	   vans,	   usually	   equipped	   by	   a	   trailer,	   with	   a	  capacity	  of	  K	  bicycles.	  -­‐ Each	  van	  visits	   full	   stations	   (usually	  at	  𝑧 < 0)	   to	   load	  a	   certain	  number	  of	  bicycles	   from	  each	  of	  them	  until	   it	   is	   full.	  Once	  it	   is	   full,	   it	   travels	  uphill	   to	  unload	   the	   bicycles	   he	   collected	   to	   empty	   stations	   (at	  𝑧 > 0)	   until	   it	  becomes	   empty.	   This	  way,	   a	   fraction	   of	   stations	   of	   the	   system	   are	   visited	  every	  h	  either	  to	  take	  or	  leave	  bicycles.	  The	  process	  of	  visiting	  each	  station	  is	  called	  peddling,	  and	  trips	  from	  downhill	  to	  uphill	  and	  round	  are	  long	  haul	  trips.	   Peddling	   visits	   are	   also	   used	   to	   balance	   possible	   deviations	   due	   to	  decentralization.	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-­‐ Repositioning	   is	   supposed	   to	   be	   periodic,	   and	   it	   is	   assumed	   that	   demand	  does	   not	   affect	   the	   repositioning	   process.	   In	   order	   to	   fully	   fulfil	   this	  hypothesis,	  the	  repositioning	  process	  should	  occur	  during	  night	  time,	  when	  the	  system	  is	  closed	  or	  when	  demand	  is	  negligible,	  and	  the	  time	  needed	  to	  complete	   the	  operation	  should	  be	  smaller	  enough	  than	  the	   interval	  h.	   It	   is	  known	   however	   that	   the	   real	   rebalancing	   strategy	   of	   the	   Bicing	   system	  combines	  continuous	  rebalancing	  with	  larger	  periodic	  interventions	  [5].	  In	  order	  to	  account	  for	  that,	  the	  rebalancing	  period	  is	  assumed	  to	  be	  between	  a	   few	   and	   24	   hours,	   but	   always	   larger	   than	   1	   or	   2	   hours	   which	   is	   the	  minimum	  time	  needed	  to	  perform	  a	  long	  haul	  trip	  (explained	  below).	  	  According	  to	  the	  second	  hypotheses,	  there	  are	  two	  different	  distances	  to	  estimate.	  First	  of	  all,	  there	  is	  the	  peddling	  distance,	  which	  is	  the	  distance	  that	  is	  travelled	  by	  the	   van	  when	   going	   from	   station	   to	   station.	   The	   expected	   distance	   travelled	   per	  station	  is:	   𝐸 𝑑 = 1.1Λ             [𝑘𝑚]	  
Equation	  12	  In	  Equation	  12,	  1.1	   is	  a	  proportional	  constant	  coming	  from	  the	  solution	   from	  the	  transportation	  problem	  [12],	  and	  1 Λ	  is	  the	  diameter	  of	  the	  influence	  area	  of	  one	  station.	   The	   total	   peddling	   distance	   is	   simply	   obtained	   by	   multiplying	   this	   last	  result	  times	  the	  number	  of	  stations	  visited	  every	  h	  ,	  Λ! · 𝑅.	  Second,	  the	  expected	  distance	  of	  a	  long	  haul	  trip	  is	  an	  assumption.	  Considering	  that	  long	   haul	   trips	   grow	   linearly	  with	   𝑧 	  by	   definition	   of	   unbalance	   (3.4.1.c),	   longer	  trips	  are	  more	   frequent	   than	  short	   trips.	  This	   leads	   to	   conclude	   that	   the	  average	  distance	  for	  long	  haul	  trips	  is	  larger	  than	  half	  the	  total	  distance,	  so	  a	  value	  of	  	  !! · 𝑅	  is	  considered.	  Concerning	  the	  number	  of	  long	  haul	  trips,	  they	  depend	  directly	  on	  the	  definition	  of	  unbalance	  of	  the	  system	  and	  the	  vans’	  capacity.	  By	  dividing	  the	  average	  unbalance	  by	   the	   van’s	   capacity,	   and	   multiplying	   the	   result	   times	   2	   to	   account	   for	   go	   and	  return	  trips,	  we	  obtain	  the	  average	  number	  of	  long	  haul	  trips.	  It	  is	  to	  be	  noted	  that	  all	   repositioning	   movements	   need	   to	   be	   taken	   into	   account,	   even	   if	   not	   all	   the	  stations	  will	  be	  visited,	  as	  overall	  all	  movements	  are	  done	  every	  h.	  The	  repositioning	  distance	  per	  unit	  time	  is	  finally	  given	  by:	  𝑅𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑖𝑛𝑔  𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 1.1 · Λ!ℎ + 𝜆! · 𝑃 𝛼𝐾 · 23 · 𝑅 · 𝑅               €ℎ 	  
Equation	  13	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The	   total	   number	   of	   repositioning	   movements	   is	   the	   addition	   of	   the	   expected	  number	  of	  movements	  due	   to	  decentralization	  and	   the	   average	  unbalance	  of	   the	  system:	   𝑇𝑜𝑡𝑎𝑙  𝑟𝑒𝑝𝑜𝑠.𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡𝑠 = 𝑅 · 2 · 𝜆! · ℎ · Λ+ 𝑅 · 𝜆! · 𝑃 𝛼 · ℎ2 	  
Equation	  14	  To	  obtain	  the	  time	  needed	  to	  carry	  out	  these	  movements	  they	  are	  multiplied	  twice	  times	  the	  average	  time	  to	  load	  or	  unload	  one	  bicycle.	  The	  total	  repositioning	  time	  needed	  per	  unit	  time	  of	  operation	  of	  the	  system	  will	  be	  calculated	  as	  shown	  in	  Equation	  15.	  𝑅𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑖𝑛𝑔  𝑡𝑖𝑚𝑒 =   𝑅𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑖𝑛𝑔  𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑣! + 𝑅𝑒𝑝𝑜𝑠.𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡𝑠 · 2 · 𝛿ℎ 	  
Equation	  15	  The	  total	  repositioning	  costs	  are	  obtained	  by	  multiplying	  the	  total	  time	  times	  a	  cost	  factor:	   𝑇𝑜𝑡𝑎𝑙  𝑟𝑒𝑝𝑜𝑠. 𝑐𝑜𝑠𝑡𝑠= 𝐶! 1.1 · Λ!ℎ + 𝑅 · 𝜆! · 𝑃 𝛼𝐾 · 23 · 𝑅 · 𝑅𝑣!+ 𝑅 · 2 · 𝜆! · ℎ · Λ+ 𝑅 · 𝜆! · 𝑃 𝛼 · ℎ2 · 2 · 𝛿ℎ 	  
Equation	  16	  As	  stated	  before,	  Ct	   in	  Equation	  16	  represents	   the	  cost	  per	  unit	   time	  of	   the	  vans’	  fleet	  (€/h).	  The	  number	  of	  repositioning	  teams	  nk	  will	  be	  obtained	  by	  imposing	  that	  the	  total	  repositioning	  time	  for	  the	  accumulated	  operations	  in	  a	  period	  h	  has	  to	  be	  smaller	  than	  h,	  so	  that	  it	  is	  feasible:	  𝑇 = 𝑡𝑜𝑡𝑎𝑙  𝑟𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑖𝑛𝑔  𝑡𝑖𝑚𝑒 · ℎ𝑛! < ℎ → 𝒏𝒌 > 𝒕𝒐𝒕𝒂𝒍  𝒓𝒆𝒑𝒐𝒔. 𝒕𝒊𝒎𝒆  	  Again,	   this	   formulation	   is	   only	   valid	   for	   periodic	   rebalancing.	   It	   is	   assumed	   that	  demand	  does	  not	  interact	  or	  affect	  the	  repositioning	  process.	  This	  condition	  will	  be	  fulfilled	  if:	  -­‐ 𝑇 ≪ ℎ,	  or	  -­‐ Repositioning	  takes	  place	  during	  night	  hours	  with	  negligible	  demand	  (so	  h	  is	  a	  multiple	  of	  one	  day)	  A	   remark	   regarding	   the	   use	   of	  𝜆!	  in	   the	   reposition	   is	   needed	   in	   order	   to	   fully	  understand	  the	  effect	  of	  the	  hypothesis	  made	  concerning	  continuous	  and	  periodic	  rebalancing.	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First	  of	  all,	  𝜆!	  is	  defined	  as	  the	  average	  peak	  demand	  density	  that	  can	  be	  sustained	  during	  a	  period	  of	  duration	  h,	  being	  h	  the	  repositioning	  period.	  When	   considering	   this	   peak	   demand	   density	   in	   the	   estimation	   of	   the	   hourly	  rebalancing	  costs,	   it	   is	   implicitly	  assumed	   that	   this	  demand	   is	  maintained	  during	  the	   whole	   day,	   which	   is	   not	   true	   if	   h	   is	   much	   smaller	   than	   24	   hours.	   Thus,	   the	  hourly	   repositioning	   costs	   are	   being	   overestimated,	   the	   smaller	   the	   rebalancing	  period,	  the	  more	  overestimated	  they	  will	  be.	  On	  the	  contrary,	  if	  h	  is	  near	  24	  hours,	  𝜆!	  could	  be	  assumed	  as	  the	  average	  daily	  demand.	  In	  this	  case,	  repositioning	  costs	  would	  be	  underestimated	  because	  they	  are	  not	  accounting	  for	  peak	  demand.	  
3.4.4 User	  access	  costs	  (AC)	  The	  access	  costs	  of	  a	  user	  can	  be	  calculated	  with	  the	  average	  access	  distance,	  the	  walking	   speed	   (vw,	   km/h)	   and	   the	   value	   of	   time	   (𝛽 ,	   €/h).	   To	   transform	   the	  expression	   from	  €/trip	   to	  €/h,	   the	  access	   costs	  are	  multiplied	   times	   the	  average	  peak	  hourly	  demand.	  The	  expected	  access	  distance	  is	  given	  by	  Equation	  17.	  	  𝐸 𝑎𝑐𝑐𝑒𝑠𝑠  𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 12 · 1Λ                       [𝑘𝑚]	  
Equation	  17	  The	   constant	  1/2	  comes	   from	   considering	   a	   L1	   metric	   for	   the	   estimation	   of	   the	  access	  distance.	  1/ Λ	  is	  the	  diameter	  of	  the	  influence	  area	  of	  a	  station.	  Equation	  18	  finally	  gives	  the	  users	  access	  costs.	  𝑈𝑠𝑒𝑟  𝑎𝑐𝑐𝑒𝑠𝑠  𝑐𝑜𝑠𝑡 = 0,5 · 𝛽 · 𝜆 · 𝑅𝑣! · Λ €ℎ 	  
Equation	  18	  
3.4.5 No	  service	  penalty	  (NSP)	  This	   term	  aims	   to	   take	   into	  account	   the	  extra	  costs	  users	  perceive	  when	   they	  do	  not	  find	  a	  bicycle	  or	  a	  free	  slot	  at	  the	  desired	  station.	  When	  a	  user	  is	  faced	  to	  this	  situation,	   he	   or	   she	  might	   either	   decide	   to	   go	   to	   another	   station	   or	   use	   another	  means	  of	  transportation.	  As	  a	  hypothesis,	  it	  is	  considered	  that	  the	  user	  will	  always	  decide	   to	   go	   to	   the	   nearest	   station,	   and	   that	   this	   station	  will	   be	   able	   to	   provide	  good	  service.	  To	  obtain	  this	  cost,	  the	  extra	  time	  a	  user	  spends	  walking	  or	  cycling	  to	  the	  nearest	  station	  is	  calculated	  and	  multiplied	  by	  the	  value	  of	  lost	  time.	  The	  total	  cost	  for	  all	  the	  demand	  will	  be	  obtained	  considering	  all	   the	  affected	  users	  that	  were	  walking	  to	  the	  stations	  and	  all	  the	  affected	  users	  that	  were	  cycling	  –	  each	  of	  them	  represent	  a	  P	  portion	  of	  the	  total	  demand	  because	  the	  probability	  of	  finding	  an	  empty	  station	  and	  a	  full	  one	  is	  the	  same,	  𝑃! = 𝑃! = 𝑃.	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𝑁𝑜  𝑠𝑒𝑟𝑣𝑖𝑐𝑒  𝑝𝑒𝑛𝑎𝑙𝑡𝑦 = 𝑃 · 𝛽!"#$  !"#$ · 𝜆 · 𝑅Λ · 1𝑣! + 1𝑣! 	  
Equation	  19	  Note	  that	  the	  value	  is	  time	  is	  different	  that	  the	  one	  considered	  in	  the	  access	  costs,	  as	  lost	  time	  due	  to	  a	  bad	  service	  is	  perceived	  as	  more	  expensive.	  
3.5 TACTICAL	  LEVEL	  
3.5.1 Depot	  dimension	  The	  stations	  capacity	  is	  calculated	  in	  four	  terms,	  conceptually	  equivalent	  to	  those	  of	  the	  fleet	  size.	  Each	  station	  needs	   to	  be	  able	   to	  stock	  the	  average	  requested	  bicycles,	  which	  will	  depend	  on	  height,	  and	  additional	  bicycles	  due	  to	  demand	  fluctuations	  per	  station,	  they	  need	  to	  have	  more	  space	  to	  account	  for	  the	  average	  unbalance	  of	  the	  system	  or	  for	  the	  k	  number	  of	  rebalancing	  operations	  needed	  so	  that	  the	  station	  is	  visited	  (the	  maximum	  between	  the	  two	  unbalances)	  and,	  finally,	  they	  need	  to	  have	  extra	  bicycles	  to	  serve	  decentralized	  demand.	  The	  depot	  size	  is	  expressed	  in	  Equation	  20	  with	  all	  the	  terms	  mentioned	  above.	  
𝑀 𝑧 = 𝜆! 𝑧 · 𝜏!Λ + 𝐹!! 1 − 𝑃 · 2 · 𝜆   · 𝜏!Λ +max 4 · 𝑧𝑧! · 𝜆! · 𝑃 𝛼 · ℎ · 1Λ , 𝑘
+ 𝐹!! 1 − 𝑃 · 2 · 2 · 𝜆! · ℎΛ 	  
Equation	  20	  The	  total	  number	  of	  slots	  required	  in	  the	  system	  as	  a	  whole	  can	  be	  obtained	  with	  the	  fleet	  size	  and	  the	  addition	  of	  certain	  additional	  stocks	  that	  account	  for	  the	  same	  phenomena	  stated	  before:	  demand	  fluctuations	  in	  the	  returns,	  average	  unbalance	  for	  heights	  below	  0,	  decentralization	  where	  returns	  are	  larger	  that	  requests	  and	  an	  additional	  stock	  to	  store	  unbalance	  until	  k	  is	  reached	  and	  the	  station	  is	  visited	  to	  be	  rebalanced.	  	  𝑀 = 𝑚 + 𝐹!! 1− 𝑃 · 𝜆 · 𝑅 · 𝜏! + 𝑅 · 𝜆! · 𝑃 𝛼 · ℎ2                                                                       + 𝐹!! 1− 𝑃 · 𝑅 · 2 · 𝜆! · ℎ · Λ+ 𝑘 · Λ · 𝐹 · 𝑅 · (ℎ! − 1)4 	  
Equation	  21	  
3.5.2 Initial	  configuration	  By	   initial	   configuration	   it	   is	   meant	   the	   number	   of	   bicycles	   there	   should	   be	   at	   a	  station	  after	  a	  complete	  rebalancing.	  Again,	  the	  optimal	  initial	  configuration	  takes	  the	  same	  phenomena	  into	  account	  that	  the	  station’s	  dimension.	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The	  expressions	  that	  give	  the	  initial	  configuration	  are	  different	  for	  z<0	  and	  z>0.	  At	  higher	  locations	  initial	  configuration	  needs	  to	  provide	  bicycles	  that	  take	  part	  in	  the	  unbalance	  of	  the	  system.	  However,	  at	  z<0,	  it	  is	  not	  necessary	  as	  these	  bicycles	  are	  actually	  arriving	  to	  these	  stations.	  	  For	  z	  >	  0,	  
𝑂 𝑧 > 0 = 𝜆! 𝑧 · 𝜏!Λ + 𝐹!! 1− 𝑃 · 𝜆! 𝑧 · 𝜏!Λ +max 4 · 𝑧𝑧𝑚 · 𝜆ℎ · 𝑃 𝛼 · ℎ · 1Λ , 𝑘+ 𝐹!!(1− 𝑃) · 2 · 𝜆! · ℎΛ     	  
Equation	  22	  Equation	   22	   is	   still	   conservative	   for	  𝑧 < 0,	   as	   the	   average	   unbalanced	   bicycles	  could	  be	  used	  as	  a	  safety	  stock	  for	  decentralization	  even	  if	  unbalance	  is	  lower.	  See	  how	  the	  equation	  changes:	  
𝑂 𝑧 < 0 = 𝜆! 𝑧 · 𝜏!Λ + 𝐹!! 1− 𝑃 · 𝜆! 𝑧 · 𝜏!Λ + 𝐹!!(1− 𝑃) · 2 · 𝜆! · ℎΛ     	  
Equation	  23	  
3.6 DISCUSSION	  ON	  THE	  PRESENTED	  EQUATIONS	  In	   the	   equations	   presented	   in	   the	   previous	   sections,	   the	   required	   number	   of	  bicycles	   and	   slots	   are	   over-­‐estimated.	   These	   equations	   are	   over-­‐conservative	  because	   they	   assume	   that	   maximum	   demand	   fluctuations	   and	   the	   worst	  decentralization	   effects	   happen	   simultaneously,	   when	   the	   probability	   of	   this	   to	  happen	  is	  not	  P	  but	  P2.	  It	  is	  important	  to	  note	  that	  P	  stands	  for	  the	  probability	  that	  a	   station	   is	   either	   full	   or	   empty	   and	   it	   has	   been	   considered	   as	   a	   proxy	   of	   the	  probability	  of	  no	  service	  all	  along	  the	  modelling	  discussed	  in	  this	  section.	  There	   are	   three	  ways	  of	  making	   equations	   less	   conservative,	   all	   three	   leading	   to	  different	  lower	  bounds	  of	  the	  fleet	  size	  and	  the	  stations	  size.	  
a) Consider	  the	  probability	  of	  no	  service	  as	  the	  square	  root	  of	  the	  probability	  that	   a	   station	   is	   empty	   or	   full,	   so	   use	   𝑷𝒆	  and	   𝑷𝒇	  in	   the	   equations,	   𝑷	  when	  𝑷𝒆 = 𝑷𝒇.	  This	  option	  yields	  a	  lower	  bound	  of	  both	  the	  number	  of	  bicycles	  (m)	  and	  the	  number	   of	   slots	   (M).	   The	   actual	   probability	   of	   no	   service	   in	   this	   scenario	  would	  in	  fact	  be	  larger	  than	  ( 𝑷)! = 𝑷	  as	  it	  is	  unknown	  to	  what	  extent	  the	  safety	   stock	   considered	  would	   be	   able	   to	   account	   for	   other	   fluctuations	   if	  they	  happened,	  at	  least	  partially,	  at	  the	  same	  time.	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b) Considering	   the	   probability	   of	   no	   service	   as	  P	   again,	   only	   account	   for	   the	  maximum	   of	   the	   possible	   fluctuations.	   Again,	   this	   would	   yield	   a	   lower	  bound	  of	  m	  and	  M.	  Now	  the	  probability	  of	  no	  service	  could	  be	  larger	  than	  P	  because	  maximum	  fluctuations	  can	  happen	  simultaneously	  to	  some	  extent.	  Equation	  11	  and	  Equation	  21	  are	  modified	  as	  follows.	  𝑚!" = 𝜉 𝜆 · 𝑅 · 𝜏!+ 𝑅 · 𝜆! · 𝑃 𝛼 · ℎ2 + 𝑘 · Λ · F · R · h! − 14+max 𝐹!! 1− 𝑃 · 𝜆 · 𝑅 · 𝜏!                                                                     + 𝐹!! 1− 𝑃 · 𝑅 · 2 · 𝜆! · ℎ · Λ    	  
𝑀!" = 𝑚 + 𝑅 · 𝜆! · 𝑃 𝛼 · ℎ2 + 𝑘 · Λ · 𝐹 · 𝑅 · (ℎ! − 1)4+𝑚𝑎𝑥 𝐹!! 1− 𝑃 · 𝜆 · 𝑅 · 𝜏!                                                                   + 𝐹!! 1− 𝑃 · 𝑅 · 2 · 𝜆! · ℎ · Λ 	  
c) Use	  average	  unbalance	  to	  account	  for	  all	  fluctuations	  if	  the	  additional	  stock	  due	  to	  this	  phenomenon	  is	  large	  enough.	  The	   condition	   that	   needs	   to	   be	   fulfilled	   is	   that	   the	   time	   needed	   so	   that	  unbalance	  is	  equal	  to	  the	  maximum	  fluctuation	  has	  to	  be	  much	  smaller	  than	  the	  repositioning	  period	  h.	  This	  time	  is	  obtained	  with	  Equation	  24.	  𝑅 · 𝜆! · 𝑃(𝛼)2 · 𝑡= 𝑚𝑎𝑥 𝐹!! 1− 𝑃 · 𝜆 · 𝑅 · 𝜏!                                                                   + 𝐹!! 1− 𝑃 · 𝑅 · 2 · 𝜆! · ℎ · Λ 	  
Equation	  24	  If	  t	  is	  much	  smaller	  than	  h,	  then	  the	  percentage	  of	  time	  where	  fluctuations	  are	  not	  covered	  by	   the	  average	  unbalance	  (𝑡 ℎ · 100)	   is	  small	  and	  so	  both	  fluctuations	  can	  be	  neglected	  in	  the	  formulation.	  All	  three	  measures	  described	  above	  are	  applicable	  to	  M(z)	  and	  O(z)	  in	  their	  height	  dependant	  expressions.	  
3.7 APPLICATION	  OF	  THE	  MODEL	  TO	  E-­‐BICYCLES	  The	  modelling	  explained	  in	  this	  section	  is	  directly	  applicable	  to	  e-­‐bicycles	  with	  the	  proper	   numerical	   parameters	   previously	   estimated	   –	   there	   will	   be	   notable	  differences	  in	  the	  costs	  and	  in	  the	  performance	  of	  the	  bicycles.	  There	   will	   only	   be	   an	   additional	   condition	   to	   be	   fulfilled	   when	   optimizing	   the	  system:	  the	  cumulative	  available	  riding	  time	  of	  the	  e-­‐bicycles	  in	  the	  system	  has	  to	  be	  always	  positive,	  meaning	  there	  are	  always	  enough	  charged	  bicycles	  to	  serve	  the	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demand.	   If	  at	   some	  point	   it	  becomes	  negative,	   it	  will	  be	   the	  equivalent	   to	  having	  empty	  stations.	  The	  expression	  of	  the	  cumulative	  available	  time	  is	  given	  by	  Equation	  25.	  𝑇 = 𝑚 · 𝑇! − 𝜆! · 𝑅 · 𝜏! · 𝑑𝑡 + 𝑚 − 𝜆! · 𝑅 · 𝜏! · 𝑇!𝑇′! · 𝑑𝑡 > 0!!!! 	  
Equation	  25	  
• 𝑚 · 𝑇!	  is	   the	   initial	  available	  usage	   time	   in	   the	  system.	  At	   the	  beginning	  of	  the	  day	  it	  is	  assumed	  that	  all	  bicycles	  are	  fully	  charged.	  
• 𝜆! · 𝑅 · 𝜏! · 𝑑𝑡!! 	  is	  the	  average	  time	  of	  bicycle	  consumed	  up	  to	  time	  t.	  
• 𝑚 − 𝜆! · 𝑅 · 𝜏! · !!!!! · 𝑑𝑡!! 	  is	   the	   average	   time	   charged	   during	   t.	   The	   term	  𝑚 − 𝜆! · 𝑅 · 𝜏! 	  represents	  the	  average	  number	  of	  bicycles	  charging	  at	  each	  moment.	   The	  !!!!!	  ratio	   is	   the	   relationship	   between	   the	   available	   time	   for	  using	  the	  bicycle	  per	  unit	  time	  of	  charging.	  The	  demand	  rate	  used	  in	  this	  case	  is	  the	  mobile	  average	  for	  a	  period	  of	  time	  that	  is	  equivalent	   to	   the	   travel	   time.	   If	   the	  demand	  peak	   factor	   is	   large,	   the	  condition	  of	  positive	  available	   time	  will	  be	  easily	   fulfilled,	  because	  after	   the	  peak	  demand	  the	  system	  would	  have	  time	  to	  recover	  the	  available	  time	  loss.	  However,	  if	  demand	  is	  more	  or	  less	  high	  and	  constant	  all	  day	  long,	  additional	  electrical	  bicycles	  might	  be	  needed	  to	  accomplish	  the	  restriction.	  
3.8 ECONOMIES	  OF	  SCALE	  The	  presented	  model	  proves	  that	  bicycle	  sharing	  systems	  have	  economies	  of	  scale,	  even	  though	  their	  effect	  is	  limited.	  An	  analytical	  optimisation	  of	  the	  equations	  discussed	  in	  the	  previous	  sections	  has	  served	   for	  determining	  how	  each	   term	  of	   the	   costs	   in	  units	   of	   cost	  per	  user	   and	  hour	  depends	  on	  demand	  (see	  Appendix	  2).	  Results	   showed	   that	   all	   costs	   except	   for	   the	   operation	   ones	   have	   economies	   of	  scale.	  Part	  of	   the	   infrastructure	  costs	  decreases	  with	   𝜆	  and	  another	  part	  with	  𝜆!	  and	   repositioning	   costs	   have	   a	   term	   proportional	   to	   !!  !!	  and	   another	   one	   to	   !!  !!.	  Finally,	   both	   access	   costs	   and	   the	   no	   service	   penalty	   experience	   reductions	  proportional	  to	   !!  !!.	  	  The	  power	  at	  which	  demand	  is	  raised	  to	   is	  pretty	   low	  except	   for	  one	  term	  of	  the	  infrastructure	   costs,	   which	   implies	   that	   these	   economies	   of	   scale,	   although	  interesting,	  will	  not	  be	  very	  important.	  	  	   	  





4 PARAMETERS	  A	  series	  of	  parameters	  need	  to	  be	  esitmated	  in	  order	  to	  work	  with	  the	  modelling.	  They	   have	   been	   classified	   in	   five	   different	   groups,	   presented	   in	   the	   following	  sections	  together	  with	  their	  estimation	  process.	  	  
4.1 CHARACTERISATION	  OF	  THE	  SERVICE	  AREA	  Barcelona	  is	  a	  Mediterranean	  city	  with	  a	  surface	  of	  102.2	  km2	  [3],	  of	  which	  49km2	  are	  served	  by	  the	  Bicing	  by	  more	  than	  400	  stations	  [24],	  i.e.	  8,22	  stations/km2.	  The	  city	  is	  limited	  both	  north	  and	  south	  by	  two	  rivers,	  the	  Llobregat	  and	  the	  Besòs,	  by	  the	  sea	  on	  the	  east	  and	  by	  the	  Collserola	  mountain	  range	  on	  the	  west.	  This	  range	  gives	  the	  city	  a	  particular	  topography:	  a	  quite	  important	  change	  in	  height	  from	  the	  sea	  level	  up	  to	  138	  m	  in	  the	  highest	  Bicing	  stations	  [7]	  only	  in	  about	  5.7	  km	  from	  the	  coast.	  	  It	   is	  possible	  to	  define	  a	  representative	  slope	  by	  observing	  the	  distribution	  of	  the	  Bicing	   stations	   with	   height.	   In	   Figure	   3	   the	   percentage	   of	   stations	   that	   are	   at	   a	  certain	  height	  or	   lower	   is	  showed,	  where	   it	  can	  be	  seen	   that	  99%	  of	   the	  stations	  are	  lower	  than	  110	  meters	  height.	  This	  leads	  to	  a	  slope	  of	  1.9%	  taking	  into	  account	  that	  the	  distance	  to	  the	  coastline	  is	  of	  5.7	  km.	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Figure	  3	  Cumulative	  distribution	  of	  stations	  with	  height	  	  The	  average	  daily	  demand	  of	  the	  system	  is	  obtained	  from	  real	  data	  (see	  Appendix	  1	  for	  estimation	  process	  and	  assumptions)	  and	  its	  value	  is	  36,52	  trips/h/km2.	  This	   average	   demand	   can	   be	   compared	   to	   that	   obtained	   from	   the	   Bicing’s	   site,	  which	  is	  of	  34,57	  trips/h/km2,	  calculated	  from	  the	  average	  monthly	  usages	  of	  bikes	  (1118106	  usages	  per	  month,	  average	  calculated	   in	   January	  2016).	  Given	   that	   the	  system	  is	  open	  22h	  per	  day	  as	  an	  average	  and	  the	  value	  of	  service	  area,	  the	  average	  daily	  demand	   is	   then	  easily	  calculated.	   It	   is	  easy	   to	  see	  how	  the	  average	  demand	  obtained	  from	  real	  data	  is	  slightly	  larger	  than	  the	  one	  obtained	  from	  the	  website.	  This	  is	  due	  to	  the	  fact	  that	  the	  latter	  comes	  from	  the	  average	  monthly	  usages	  from	  the	  opening	  up	  to	  a	  recent	  date.	  Thus,	  it	  includes	  seasonal	  and	  weekly	  fluctuations	  that	  were	   not	   captured	  with	   the	   recorded	   data	   during	   a	  working	   day	   of	   a	   peak	  month.	   Figure	   4	   illustrates	   this	   seasonality,	   showing	   the	   demand	   during	   years	  2010	  and	  2011	  ([6]	  and	  [24]).	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Figure	  4	  Seasonality	  of	  the	  demand	  for	  years	  2010	  and	  2011	  As	  for	  the	  peak	  demand,	  the	  value	  obtained	  from	  real	  data	  is	  83,0	  trips/h/km2	  for	  a	  period	  of	  time	  of	  23	  minutes,	  corresponding	  to	  the	  travel	  time.	  In	  order	  to	  find	  it,	  the	  function	  of	  peak	  demand	  (Figure	  5)	  has	  been	  constructed.	  See	  Appendix	  1	  for	  further	  information	  on	  the	  study	  that	  has	  been	  carried	  out.	  	  
	  
Figure	  5	  Function	  of	  Peak	  Demand	  One	  last	  thing	  that	  will	  be	  needed	  in	  order	  to	  apply	  the	  model	  is	  the	  parameter	  that	  accounts	   for	  the	  number	  of	  bicycles	  that	  are	  being	  repaired,	  referred	  to	  as	  ξ.	  The	  Bicing	  system	  counts	  on	  a	  fleet	  of	  6000	  bicycles,	  of	  which	  only	  5206	  were	  available	  the	  day	  of	  study	  at	  the	  end	  of	  the	  night	  [7].	  The	  ratio	  between	  these	  two	  numbers	  is	  1,152	  and	  it	  has	  been	  assumed	  as	  the	  value	  of	  the	  parameter	  ξ.	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4.2 USERS	  BEHAVIOUR	  The	  average	  riding	  time	  of	  the	  users	  of	  the	  system	  is	  of	  22,7	  minutes	  (0,378h).	   It	  can	   be	   considered	   to	   be	   a	   quite	   short	   time,	   but	   it	   can	   be	   explained	   by	   how	   the	  system	  is	  conceived.	  Users	  pay	  an	  annual	  fee	  for	  using	  Bicing	  as	  many	  times	  they	  want	  and	  up	  to	  30	  minutes	  per	  trip.	  If	  they	  wish	  to,	  they	  can	  lengthen	  the	  renting	  time	  up	  to	  a	  maximum	  of	  2	  hours	  by	  paying	  0,74€	  for	  each	  30	  more	  minutes.	  This	  limitation	   of	   the	   included	   renting	   time	   makes	   users	   take	   a	   bicycle	   as	   a	   way	   of	  transportation	  and	  dissuades	  them	  not	  to	  use	  it	  as	  a	  way	  of	  leisure,	  which	  reduces	  a	  lot	  the	  average	  ride	  time.	  As	  for	  the	  average	  cycling	  speed,	  a	  study	  carried	  out	  for	  the	  Velo’v	  system	  in	  Lyon	  has	   been	   used	   [22].	   Velo’v	   counts	   with	   348	   stations	   spread	   across	   the	   48	   km2	  extension	   of	   the	   city	   giving	   service	   to	   a	   fleet	   size	   of	   around	   4000	   bicycles.	   The	  similarities	  of	  the	  Velo’v	  with	  the	  Bicing	  in	  Barcelona	  have	  led	  to	  consider	  that	  the	  average	  speed	  of	  the	  users	  of	  Bicing	  can	  be	  the	  same	  as	  in	  Lyon	  and	  equal	  to	  10,16	  km/h.	  By	   doing	   some	   research,	   we	   can	   see	   that	   this	   speed	   is	   not	   far	   from	   other	  estimations	   that	   have	   been	   made.	   For	   example,	   the	   website	   of	   the	   city	   of	  Copenhagen	  claims	  that	  the	  average	  cycling	  speed	  in	  the	  city	  is	  of	  15.5	  km/h	  [9].	  It	  can	  be	  also	  found	  that	  in	  Amsterdam,	  with	  a	  green	  wave	  of	  traffic	  lights	  in	  favour	  of	  cyclists	  and	  a	  favourable	  topography,	  they	  can	  even	  reach	  an	  average	  of	  18	  km/h	  [19].	  Given	  the	  fact	  that	  in	  Barcelona	  there	  are	  no	  green	  waves	  for	  cyclists	  and	  also	  given	   that	   its	   topography	   is	   not	   as	   favourable	   as	   it	   is	   for	   either	   Copenhagen	   or	  Amsterdam,	  an	  average	  of	  10,16	  km/h	  can	  be	  accepted.	  	  Moreover,	  in	  order	  to	  have	  a	  more	  realistic	  estimation,	  it	  has	  been	  asked	  to	  some	  real	  users	  of	  the	  Bicing	  system	  to	  report	  their	  trips.	  With	  the	  distances	  of	  the	  trips	  (2,83	  km	  as	  an	  average)	  and	  the	  riding	  time	  (an	  average	  of	  16,3	  min),	  the	  cycling	  speed	  is	  found	  to	  be	  10.4	  km/h,	  very	  similar	  to	  the	  value	  taken.	  Concerning	  the	  average	  walking	  speed,	  an	  underestimation	  of	   its	  value	  should	  be	  considered	  to	  account	  for	  street	  crossing.	  The	  considered	  average	  walking	  speed	  in	  the	  city	  of	  Barcelona	  a	  working	  day	  and	  already	  taking	  into	  account	  street	  crossing	  is	  of	  1	  m/s	  (3.6	  km/h)	  [20].	  Another	   parameter	   needed	   that	   will	   help	   determining	   users’	   behaviour	   is	   their	  value	   of	   time,	   both	   under	   normal	   circumstances	   and	   in	   delays.	   The	  Authority	   of	  Metropolitan	  Transportation	  in	  Barcelona	  considers	  that	  the	  users’	  value	  of	  time	  is	  of	   11.4	   €/h,	  which	   has	   directly	   been	   assumed	   as	   the	   users’	   value	   of	   time	   under	  normal	  circumstances	  for	  the	  Bicing	  users.	  As	  for	  the	  value	  of	  time	  in	  delays,	  it	   is	  needed	  in	  order	  to	  value	  time	  when	  users	  find	  empty	  or	  full	  stations	  when	  either	  wanting	  to	  pick	  up	  or	  leave	  a	  bicycle.	  As	  found	  in	  [31],	  delays	  in	  the	  waiting	  time1	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1	  Delays	   in	   the	   travel	   time	   are	   perceived	   as	   1,8	   times	   more	   expensive	   than	   the	  expected	  travel	  time,	  giving	  an	  average	  value	  of	  delays	  of	  20,52	  €/h,	  smaller	  than	  the	  value	  of	  delays	  in	  the	  waiting	  time.	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are	   perceived	   as	   2,5	   times	  more	   expensive	   than	   the	   expected	   waiting	   time.	   For	  commuters,	  which	   is	   the	  most	  similar	  case	  to	  the	  type	  of	   trips	  carried	  out	  within	  the	  Bicing	  system,	  only	  79%	  of	  the	  time	  is	  factored,	  as	  it	  accounts	  for	  personal	  time	  lost.	  The	  21%	  that	  remains	  is	  considered	  to	  be	  lost	  work	  time,	  and	  it	  is	  perceived	  at	  the	  same	  price	  as	  regular	  travel	  time.	  Thus,	  the	  average	  value	  of	  time	  in	  delays	  is	  of	  24,91	  €/h,	  more	  than	  twice	  as	  much	  as	  the	  value	  of	  regular	  time.	  One	   last	   indicator	  needed	   to	  define	   the	  Bicing	  users’	   behaviour	   is	  P(α),	   that	  was	  defined	  as	  the	  portion	  of	  uphill	   trips	  that	  are	   lost	  due	  to	  the	  average	  slope	  of	  the	  city.	  The	  estimation	  has	  been	  carried	  out	  using	  an	  equation	  presented	  in	  the	  model	  that	  relates	  P(α)	  to	  δ,	  the	  ratio	  between	  requests	  and	  returns	  at	  a	  station	  or,	  in	  this	  case,	  at	  each	  height	  cluster:	   𝛿 − 1𝛿 + 1 = 𝑃 𝛼 · 2𝑧𝑧! 	  A	  linear	  regression	  of	  the	  data	  obtained	  in	  [7]	  from	  the	  equation	  allows	  to	  find	  the	  value	  of	  P(α)	  (see	  Figure	  6),	  which	  is	  0,092.	  The	  R2	  parameter	  of	  the	  regression	  is	  low,	   of	   0,224,	   and	   there	   are	   some	   errors,	   as	   the	   linear	   approximation	   does	   not	  cross	  the	  origin	  of	  the	  coordinate	  system	  as	  it	  is	  supposed	  to.	  However,	  given	  the	  origin	  of	   the	  data	   and	   the	  hypotheses	  made	  on	   its	   study,	   it	   is	   considered	  a	   good	  result.	  
	  
Figure	  6	  Linear	  regression	  for	  the	  estimation	  of	  P(α)	  	  Another	   approximation	   can	   be	   obtained	   from	   the	   percentage	   of	   users	   that	   are	  never	  willing	  to	  ride	  uphill.	  This	  percentage	  is	  of	  around	  7%	  [21],	  which	  leads	  to	  a	  value	   of	   P(α)	   of	   0,07,	   not	   far	   from	   the	   value	   obtained	   from	   real	   data	   and	  which	  validates	  the	  previous	  approach.	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4.3 PERFORMANCE	  IN	  REPOSITIONING	  OPERATIONS	  What	  need	  to	  be	  defined	  in	  this	  section	  are	  the	  characteristics	  of	  the	  repositioning	  trucks	  used	  in	  these	  operations	  as	  well	  as	  the	  performance	  of	  the	  operation	  itself.	  The	   average	   speed	   of	   motorized	   means	   of	   transport	   in	   the	   city	   of	   Barcelona	   is	  21km/h	   ([2],	   in	   2013),	   which	   can	   be	   assumed	   to	   be	   the	   average	   speed	   of	   the	  repositioning	  vans.	  Each	  of	  these	  vans	  has	  a	  capacity	  of	  transporting	  11-­‐12	  bicycles	  itself	  and	  is	  usually	  equipped	  with	  a	  trailer	  whose	  capacity	  is	  of	  20	  bicycles,	  so	  in	  general,	  each	  repositioning	   truck	  can	   transport	  32	  bicycles.	  Both	   the	   loading	  and	  the	  unloading	  operation	  take	  20	  minutes	  for	  the	  32	  bicycles2,	  that	  is	  0,625	  minutes	  per	  bicycle	  (0,01	  h/bike).	  Some	   other	   important	   parameters	   can	   be	   calculated	   in	   order	   to	   understand	   the	  repositioning	   strategy	   that	   is	   being	   currently	   used	   in	   the	   Bicing	   system.	   It	   is	  important	  to	  keep	  in	  mind	  that	  these	  parameters	  are	  only	  giving	  information	  about	  the	  current	  system	  and	  will	  change	  with	  the	  optimisation.	  One	  of	   these	  parameters	   is	   the	   rebalancing	  period	   itself.	  The	  exact	   repositioning	  strategy	   applied	   to	   the	   Bicing	   system	   is	   unknown,	   but	   it	   is	   known	   that	   a	  combination	  of	  continuous	  and	  periodical	  operations	  is	  used	  [5].	  Thus,	  in	  order	  to	  find	   an	   illustrative	   value	  of	  h,	   the	   average	  number	  of	   visits	   in	   a	   station	   is	   found,	  being	  it	  3,51	  [7].	  If	  each	  station	  is	  visited,	  in	  average,	  3,51	  times,	  then	  it	  means	  it	  is	  visited	  every	  6,83	  hour,	  which	  will	  be	  the	  value	  taken	  for	  h.	  Another	  parameter,	  referred	  to	  as	  F,	  is	  the	  portion	  of	  stations	  not	  visited	  due	  to	  the	  fact	  that	  there	  are	  too	  few	  bicycles	  to	  reposition	  and	  the	  stop	  is	  not	  worthy.	  Thus,	  there	  is	  a	  threshold	  that	  will	  determine	  whether	  a	  station	  is	  visited	  or	  not,	  which	  is	  the	  decision	  variable	   k.	  At	   this	   stage,	   this	   threshold	   is	   defined	   arbitrarily,	   and	   in	  order	  to	  match	  the	  definition	  of	  repositioning	  in	  the	  treatment	  of	  data,	  a	  limit	  of	  4	  is	  adopted.	  	  Recalling	  Equation	  6	  from	  the	  modelling,	  F	  is	  equal	  to:	  𝐹 = 𝑘 · Λ2 · 𝜆! · 𝑃 𝛼 · ℎ = 4 · 8,222 · 58,71 · 0,092 · 6,83 = 0,4456	  Where	  the	  demand	  for	  a	  repositioning	  period	  of	  6,83	  hours	  is	  58,71	  trips/h/km2.	  With	  F	  known,	  the	  total	  fraction	  of	  stations	  to	  be	  rebalanced	  every	  h	  can	  be	  found.	  Recalling	  Equation	  7,	  
P! = 1− 𝑃! − 𝑃! − 1− 1𝑛!∗!!!
!! · 𝐹 = 0,31	  
where	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  2	  Information	  given	  by	  Clear	  Channel,	  operator	  of	  the	  Bicing.	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𝑛∗ = 1+ 4 · 𝐹 · Λ · 𝑅 − 12 = 13	  and	  where	  Pe	  and	  Pf	  are	   the	  same	  and	  equal	   to	  P	  =	  0,1923.	  The	  probability	  of	  no	  service	   has	   been	   found	   by	   studying	   the	   probability	   of	   finding	   a	   station	   full	   or	  empty.	  The	  value	  of	  0,1923	   is	  half	   the	  maximum	  probability	  of	  no	   service	   in	   the	  system,	  occurring	  almost	  at	  the	  end	  of	  the	  day	  and	  when	  the	  probability	  of	  empty	  and	  full	  stations	  is	  almost	  the	  same	  [7].	  Knowing	  the	  value	  of	  PR	  allows	  finding	  the	  value	  of	  the	  density	  of	  stations	  that	  will	  be	  visited	  every	  h,	  Λ! = 𝑃! · Λ = 2,55  𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑠/𝑘𝑚!.	  
4.4 UNITARY	  AGENCY	  COSTS	  In	  this	  section,	  three	  parameters	  are	  to	  be	  determined.	  The	  first	  one	  is	  the	  unitary	  cost	   per	   hour	   of	   the	   repositioning	   operations	   (Ct).	   	   The	   other	   ones	   are,	   on	   one	  hand,	  the	  unitary	  hourly	  cost	  per	  bicycle	  of	  the	  system	  (γ),	  including	  the	  bicycles’	  acquisition	   and	   the	   stations’	   investment,	   and	   on	   the	   other	   hand	   the	   unitary	  operation	  costs	  per	   trip	  (γe),	   including	  bikes’	  maintenance,	  stations’	  maintenance	  and	  administrative	  expenses.	  
4.4.1 Repositioning	  costs	  The	   repositioning	   costs	   of	   the	   system	   include	   the	   cost	   of	   acquisition	   and	  maintenance	  of	   the	   repositioning	  vans	   and	   the	   trailers,	   its	   fuel	   consumption	  and	  the	  operators’	  wedge.	  As	   an	   assumption,	   it	   is	   considered	   that	   each	   repositioning	  team	  is	  composed	  of	  one	  van,	  one	  trailer	  and	  one	  worker.	  Further	  on	  this	  section	  it	  will	  be	  seen	  that	  this	  assumption	  is	  consistent.	  The	  company’s	  fleet	  is	  composed	  of	  40	  vans	  [5],	  of	  which	  an	  operating	  fleet	  of	  23	  vans	   has	   been	   considered.	   Each	   van	   is	   equipped	   with	   a	   trailer	   to	   double	   the	  transportation	  capacity.	  To	  make	  the	  estimation	  of	  Ct	  clearer,	   it	  will	  be	  split	   in	  three	  sub-­‐parameters,	  one	  accounting	  for	  investment,	  the	  other	  for	  operation	  and	  the	  last	  one	  for	  labour.	  a) Ct	  for	  investment	  The	  vans’	  model	  used	  is	  Renault	  Master	  and	  its	  cost	  is	  of	  21387	  €	  [33].	  The	  cost	  of	  acquisition	  of	  the	  trailer	  has	  been	  estimated	  as	  4235	  €	  based	  on	  information	  found	  in	  [32].	  It	  may	  seem	  a	  little	  over	  estimated	  for	  a	  trailer	  but	  it	  has	  to	  account	  for	  the	  special	  attachments	  that	  need	  to	  be	  set	  up	  on	  it	  to	  carry	  the	  bicycles.	  The	  useful	  life	  of	   both	   the	   van	   and	   the	   trailer	   has	   been	   considered	   of	   8	   years.	   In	   kilometres,	   it	  corresponds	  to	  about	  200000km	  as,	  according	  to	  [5]	  each	  van	  travels	  an	  average	  of	  24000km	  each	  year.	  Dividing	  each	  acquisition	  cost	  by	   the	  useful	   life	  of	   the	  vehicles	   in	  years	  gives	   the	  investment	   cost	   per	   year	   of	   each	   of	   them.	   Adding	   them	   up	   gives	   the	   total	  investment	  cost	  per	  year	  of	  one	  complete	  repositioning	  unit,	  which	  can	  be	  easily	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transformed	  into	  cost	  per	  hour	  considering	  a	  24-­‐hour	  working	  shift	  per	  day,	  365	  days	  per	  year.	  The	  investment	  part	  of	  Ct	  is	  found	  to	  be	  0,37€/h.	  b) Ct	  for	  operation	  Operation	   takes	   into	   account	   all	   it	   has	   to	   do	   with	   the	   van	   and	   the	   trailer	  maintenance,	  repairs	  and	  fixed	  costs	  as	  taxes	  and	  insurances.	  From	  [13]	  one	  can	  obtain	  that	  the	  average	  cost	  for	  preventive	  maintenance	  of	  a	  car	  is	  784	  €	  every	  90000	  km.	  For	  the	  trailer,	   it	  seems	  reasonable	  to	  consider	  10%	  of	  the	  maintenance	  of	  a	  car,	  which	  would	  be	  78,4	  €	  every	  90000	  km.	  The	  addition	  of	  the	   two	  costs	  divided	  over	  90000	  km	  yields	   the	  average	  preventive	  maintenance	  cost	  of	  a	  full	  repositioning	  team,	  0,00958	  €/km.	  Repairs	  represent,	  on	  average,	  a	  cost	  of	  1825	  €	  every	  90000	  km	  [13],	  accounting	  for	   repairs	   of	   actual	   breakdowns	   and	   pieces	   replacements.	   Again,	   it	   seems	  appropriate	  to	  consider	  that	  repairs	  for	  a	  trailer	  are	  a	  10%	  of	  those	  of	  the	  vehicle,	  which	  is	  182,5	  €	  /	  90000	  km.	  The	  addition	  of	  the	  two	  costs	  is	  the	  average	  repairs	  cost	  of	  a	  repositioning	  team,	  0,0223	  €/km.	  Tires	   have	   not	   been	   considered	   in	   preventive	   maintenance,	   so	   they	   have	   to	   be	  estimated	  separately.	  The	  average	  price	  for	  the	  type	  of	  tires	  in	  a	  van	  is	  540€	  [28]	  for	  the	  full	  set	  and	  as	  an	  average	  it	  is	  changed	  every	  90000km	  [13].	  For	  the	  trailer,	  it	   has	   been	   estimated	   that	   a	   full	   set	   may	   cost	   200€	   and	   is	   renewed	   also	   every	  90000km.	   By	   dividing	   the	   tires’	   cost	   by	   the	   km,	   the	   cost	   per	   km	   is	   obtained:	  0,00822	  €/km.	  The	   average	   fuel	   consumption	   of	   the	  Renault	  Mater	   is	   9,1l/100km	   [33],	   and	   the	  average	   diesel	   price	   in	   Barcelona	   is	   of	   1,32€/l	   (2014)	   [16].	   Multiplying	   the	  consumption	  times	  the	  fuel	  price	  and	  dividing	  by	  100km	  gives	  the	  fuel	  cost	  per	  km,	  of	  0,1201	  €.	  Concerning	  taxes,	   there	  are	  two	  kinds:	  a	  registration	  tax	  of	  452	  €	  [1]	   for	   the	  van	  and	  95,8	  €	  [29]	  for	  the	  trailer,	  only	  paid	  once,	  and	  a	  yearly	  tax	  of	  84,56	  €	  [30]	  for	  the	  van.	  To	  obtain	  the	  hourly	  cost	  of	  the	  registration	  tax,	  the	  useful	  life	  of	  8	  years	  of	  the	  vehicles	  is	  used,	  to	  find	  an	  hourly	  cost	  of	  0,0175	  €.	  As	  for	  insurance,	  in	  [18]	  a	  range	  of	  prices	  is	  given	  depending	  on	  their	  type,	  going	  from	  378	  €/year	  for	  the	  basic	  insurance	  up	  to	  1053	  €/y	  for	  the	  full	  coverage,	  with	  two	   intermediate	   categories.	   The	   average	   price	   per	   year	   of	   the	   four	   kinds	   of	  insurance	  is	  610,75	  €/year.	  All	   the	   data	   in	   units	   of	   €/km	  has	   to	   be	   transformed	   into	  €/h.	   This	  will	   be	   done	  dividing	  the	  costs	  over	  the	  average	  working	  speed	  vR.	  Once	  everything	  in	  the	  right	  units,	  the	  simple	  addition	  of	  the	  costs	  in	  raw	  data	  will	  give	  the	  operation	  costs	  of	  a	  repositioning	  vehicle.	  The	   working	   speed	   of	   a	   repositioning	   team	   is	   obtained	   when	   dividing	   the	   total	  repositioning	   distance	   over	   the	   total	   repositioning	   time,	   including	   loading	   and	  unloading	  operations.	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The	  expression	  for	  this	  speed,	  obtained	  in	  the	  model,	  is	  the	  following:	  
𝑣! = 1𝑣! +
2𝜆!Λℎ + 𝜆!𝑃(𝛼)2 · 2𝛿𝑅𝑟𝑒𝑝𝑜.𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
!!
= 3,06  𝑘𝑚/ℎ	  
where	   𝑟𝑒𝑝𝑜.𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 1,1 · Λ!ℎ + 2 · 𝜆! · 𝑃 𝛼 · 𝑅3𝐾 · 𝑅 = 51,19  𝑘𝑚	  and	  with	   an	   average	   demand	   during	   a	   rebalancing	   period	   of	   58,71	   trips/km2/h,	  found	  with	  the	  help	  of	  Figure	  5.	  	  After	   the	  units	   change	  and	   the	  addition	  of	   all	   the	   terms,	   the	  operation	   costs	  of	   a	  repositioning	  team	  are	  found	  to	  be	  of	  0,58	  €/h.	  c) Ct	  for	  labour	  In	  [24]	  there	  is	  the	  estimate	  cost	  of	  the	  Bicing’s	  personnel:	  5M€.	  In	  the	  same	  report	  it	   is	  stated	  that	   there	  are	  230	  service	  workers	  at	  Bicing	  so	  dividing	  the	   first	  over	  the	  second	  yields	  the	  average	  wedge	  of	  a	  Bicing	  worker,	  which	  is	  21739,13€/year.	  Of	   these	   230	  workers,	   115	   are	   staffed	   at	   the	   repositioning	   service.	   This	   number	  proves	   that	   the	   assumption	   made	   for	   the	   repositioning	   teams	   is	   consistent.	  Repositioning	   operations	   take	   place	   24	   hours	   a	   day,	   365	   days	   a	   year.	   Then,	   23	  vans,	  with	  a	  worker	  each	  one,	  correspond	  to	  201480	  hours	  of	  labour	  per	  year.	  The	  maximum	  annual	  working	  hours	  is	  1800	  hours/year,	  so	  this	  leads	  to	  a	  need	  in	  112	  workers	  to	  fulfil	  the	  repositioning	  operations.	  Given	  the	  maximum	  annual	  working	  hours,	   the	  hourly	  cost	  of	   labour	   is	  obtained:	  12,08€/h.	  d) Final	  value	  for	  Ct	  The	   addition	   of	   the	   investment,	   the	   operation	   and	   the	   labour	   terms	  will	   directly	  yield	  the	  value	  of	  Ct:	  	  
VALUE	  OF	  Ct	  Investment	  costs	   0,37	  Operation	  costs	   0,58	  Labour	  costs	   12,08	  
Ct	  (€/h)	   13,03	  
Table	  1	  Value	  of	  Ct	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4.4.2 Investment	  costs	  First	  of	  all,	  the	  investment	  costs	  in	  bicycles	  are	  detailed.	  Later	  on,	  those	  on	  stations	  will	  be	  justified.	  According	  to	  Clear	  Channel,	  each	  bicycle	  costs	  400€.	  To	  obtain	  the	  cost	  per	  unit	  of	  time,	  the	  useful	  life	  of	  one	  bicycle	  is	  needed.	  	  Based	  on	  the	  information	  in	  [17]	  a	  total	  of	  25000	  bicycles	  have	  been	  acquired	  from	  the	  beginning	  of	  the	  Bicing	  system	  until	  now.	  Considering	  the	  number	  of	  bicycles	  that	  have	  been	  operative	  in	  each	  period,	  the	  useful	  life	  of	  one	  bicycle	  is	  estimated	  as	  1,7	  years.	  This	  is	  a	  very	  short	  useful	  life,	  but	  it	  takes	  into	  account	  vandalism	  and	  thefts.	  	  With	  this	  information,	  it	  is	  possible	  to	  calculate	  the	  cost	  per	  year	  of	  one	  bicycle	  and	  its	   cost	   per	   hour,	   considering	   24	   hours	   a	   day.	   The	   result	   is	   a	   cost	   of	  0,03€/bike/hour.	  Concerning	   stations,	   their	   investment	   is	   much	   more	   important	   than	   that	   of	  bicycles.	  Their	  total	  cost	  has	  been	  found	  in	  [24]	  and	  is	  of	  10.970.000,00€.	  Again,	  to	  obtain	  the	  cost	  per	  unit	  of	  time	  the	  useful	   life	  of	  one	  station	  is	  needed.	  The	  same	  reference	   claims	   that	   the	   maintenance	   of	   the	   stations	   represents	   a	   20%	   of	   the	  global	  opeartion	  costs,	  which	  is	  a	  high	  percentage	  that	  leads	  to	  think	  of	  a	  quite	  long	  useful	  life.	  As	  an	  estimate,	  it	  has	  been	  considered	  to	  be	  of	  around	  10	  years.	  Some	  more	  steps	  are	  needed	  in	  this	  case	  to	  obtain	  the	  investment	  cost	  of	  stations	  in	  units	  of	  €	  per	  bicycle	  and	  hour.	  More	  particularly,	  both	  the	  number	  of	  parking	  spots	  and	  the	  ratio	  between	  the	  number	  of	  parking	  spots	  and	  bicycles	  need	  to	  be	  known.	  	  From	   the	   recorded	   data,	   a	   total	   of	   10344	   slots	   have	   been	   found,	   and	   in	   [8]	   it	   is	  stated	  that	  the	  fleet	  size	  is	  6000	  bicycles.	  Thus,	  the	  ratio	  of	  these	  two	  parameters	  is	  1,724.	  	  The	  simple	  division	  of	   the	  costs	  over	   the	  useful	   life	  and	  then	  over	   the	  slots	  gives	  cost	  of	  stations	  in	  a	  year	  and	  per	  slot.	  By	  changing	  units	  with	  the	  slots/fleet	  ratio,	  the	  cost	  of	  0,02€/bike/hour	  is	  calculated.	  In	  the	  end,	  by	  adding	  the	  two	  unitary	  costs	  per	  bicycles	  and	  hour,	  γ	  is	  found	  to	  be	  equal	  to	  0,05€/bicycle/hour.	  
4.4.3 Operation	  costs	  The	  estimation	  of	  γe	  has	  been	  directly	  made	  from	  the	  data	  obtained	  from	  [24].	  In	  this	  presentation,	  the	  global	  operation	  costs	  of	  the	  system	  have	  been	  broken	  down	  in	   the	   different	   expenses,	   amongst	   them,	   the	   bicycles	   and	   the	   stations’	  maintenance	  and	  the	  administrative	  and	  management	  costs.	  From	  a	  total	  of	  10.200.000,00€	  in	  year	  2010,	  a	  19,5%	  goes	  to	  the	  stations,	  a	  22,4%	  to	   the	   bicycles	   and	   a	   25%	   to	  management.	   The	  percentage	  missing	   is	   divided	   in	  repositioning,	   considered	   separate	   in	   this	   research,	   and	   bicycles	   renewal,	  considered	  in	  the	  investment	  cost	  in	  the	  form	  of	  the	  useful	  life.	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With	  this	  data	  and	  the	  total	  number	  of	  trips	  in	  2010	  (11.065.000,	  [6]),	  the	  cost	  per	  trip	   of	   each	   section	   is	   found.	   Adding	   them	   up,	   γe	   is	   calculated	   and	   its	   value	   is	  0,62€/trip.	  
4.4.4 Summary	  of	  the	  cost	  parameters	  After	   all	   the	   calculations,	   the	   cost	   parameters	   needed	   in	   order	   to	   apply	   the	  continuous	  modelling	  have	  been	   found.	  As	  a	  reminder,	  Table	  2	  summarises	   their	  values.	  
Cost	  Parameters	   	   	   	  
Parameter	   Units	   Notation	   Value	  
Unitary	  hourly	  cost	  per	  bike	   €/bike/h	   γ	   0,05	  
Cost	  per	  trip	  of	  the	  
maintenance/administrative	  operations	  
€/trip	   γe	   0,62	  	  
Cost	  per	  km	  of	  the	  repositioning	  operations	   €/h	   Ct	   13,52	  	  
Table	  2	  Summary	  of	  the	  estimated	  parameters	  During	   the	   investigation,	   many	   other	   data	   has	   been	   collected.	   To	   see	   all	   the	  information	   available	   about	   the	   Bicing	   system	   and	   more	   details	   on	   how	   the	  parameters	  have	  been	  obtained,	  see	  Appendix	  3.	  
4.5 ELECTRICAL	  BICYCLES	  Virtually	  all	  the	  parameters	  estimated	  in	  the	  previous	  sections	  are	  applicable	  to	  a	  system	  of	  electrical	  bicycles,	  except	  for	  those	  corresponding	  to	  infrastructure	  and	  operations	  cost,	  as	  well	  as	  some	  technical	  parameters.	  First	  of	  all,	  concerning	  the	  portion	  of	  uphill	  trips	  lost,	  it	  has	  been	  considered	  to	  be	  half	  the	  lost	  trips	  with	  conventional	  bicycles.	  	  The	  type	  of	  electrical	  bicycles	  considered	  in	  this	  thesis	  is	  the	  one	  that	  provides	  an	  adjustable	  level	  of	  assistance	  proportional	  to	  the	  pedalling	  force.	  Usually,	  the	  user	  can	   choose	  between	  different	   levels	   ranging	   from	  50%	   to	  200%	  of	   the	  pedalling	  force.	  If	  the	  average	  assistance	  is	  of	  100%	  of	  the	  pedalling	  force,	  then	  a	  user	  will	  be	  able	  to	  travel	  the	  same	  distance	  with	  half	  the	  force.	  It	  has	  then	  been	  considered	  a	  good	  estimate	  to	  divide	  P(α)	  over	  2	  in	  order	  to	  obtain	  Pe(α).	  Thus,	  with	  electrical	  bicycles	  only	  half	  the	  trips	  would	  be	  lost	  in	  comparison	  to	  conventional	  bicycles.	  As	   for	   investment	   costs,	  with	   the	   same	  useful	   life	   of	   1,7	   years	   and	   an	   individual	  cost	   of	   1200	   €	   per	   bicycle	   [14],	   the	   investment	   cost	   factor	   for	   bicycles	   is	  𝛾!_! =0,08   €!"#$#%&·!!"# .	   The	   fleet	   of	   electrical	   bicycles	   is	   of	   300	   [14],	   so	   the	   total	  investment	   in	  bicycles	  was	  of	  3600000	  €.	  Based	  on	   the	   cost	   split	   in	   [24]	   for	   the	  conventional	   system,	   the	   split	   for	   infrastructure	   investment	   in	   the	   electrical	  system	   has	   been	  made	   only	   between	   bicycles	   and	   stations	   as	   other	   investments	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had	  already	  been	  made	  –	  the	  first	  account	  for	  the	  25%	  of	  the	  total	  and	  the	  latter	  for	  the	   75%.	   With	   this,	   and	   with	   a	   useful	   life	   of	   stations	   of	   10	   years	   as	   in	   the	  conventional	  system,	   the	  total	   infrastructure	  costs	  are	  1,44	  M€	  and	  thus	  the	  cost	  factor	  for	  stations	  is	  𝛾!_! = 0,04 €!"#$#%&·!!"#.	  In	  order	  to	  estimate	  the	  operative	  costs,	  the	  total	  costs	  of	  the	  electrical	  Bicing	  are	  needed,	  which	  are	  of	  5,1	  M€	  for	  a	  period	  of	  3,5	  years	  according	  to	  I.	  Armengol,	  CEO	  of	   Barcelona	   Serveis	   Municipals.	   The	   total	   operation	   costs	   are	   found	   as	   the	  difference	  between	  the	  total	  costs	  and	  infrastructure	  costs,	  so	  they	  are	  of	  3,66	  M€	  for	   3,5	   years.	   Using	   the	   split	   in	   [24]	   for	   the	   operation	   costs,	   and	   the	   estimated	  number	   of	   trips	   in	   the	   3,5	   years	   period	   time,	   one	   can	   finally	   find	   the	   different	  components	  of	   the	  operative	  costs.	  The	  total	  number	  of	   trips	  has	  been	  estimated	  from	  [2]	  for	  2010,	  year	  for	  which	  the	  split	  of	  the	  costs	  is	  available	  (see	  Appendix	  3	  for	  further	  details).	  The	  percentage	  of	  the	  total	  costs	  not	  being	  taken	  into	  account	  here	   is	   the	   part	   corresponding	   to	   the	   repositioning	   costs,	   considered	   separately	  and	   not	   varying	   for	   electrical	   bicycles.	   Find	   in	   Table	   3	   the	   summary	   of	   the	  operative	  costs.	  
Operative	  costs	  for	  the	  electrical	  bicycle	  system	  
Component	   %	  of	  the	  
total	  costs	  




Administrative	   25%	   915000	   0,47	  
Bicycles	  maintenance	   22,4%	   819840	   0,54	  
Stations	  maintenance	   19,5%	   713700	   0,47	  
Total	  operative	  costs	   -­‐	   2448540	   1,48	  
Table	  3	  Summary	  of	  the	  operative	  cost	  of	  the	  electrical	  bicycle	  system	  Finally,	  the	  technical	  parameters	  that	  need	  to	  be	  changed	  or	  added	  with	  respect	  to	  the	  conventional	   system	  are	   those	  corresponding	   to	   the	  charging	  operations	  and	  the	  speed	  of	  the	  bicycles.	  	  The	   average	   speed,	   vb	   has	   been	   considered	   to	   be	   of	   15	   km/h,	   given	   that	   the	  maximum	  allowed	  speed	  is	  20	  km/h	  [8].	  The	  maximum	  distance	  that	  can	  be	  ridden	  with	  a	  fully	  charged	  bicycle,	  Db	  is	  40	  km	  [14],	  which	  at	  the	  average	  speed	  is	  a	  ride	  of	  2,7	  hours	  (Tb).	  As	   for	   the	  time	  needed	  to	   fully	  charge	  a	  bicycle,	  T’b,	   in	   [8]	   they	  consider	  it	  to	  be	  around	  2	  hours.	  Now	  all	   the	  new	  parameters	   for	   the	  electrical	   system	  have	  been	  defined	  and	   the	  modelling	  can	  be	  applied.	  	  	   	  





5 APPLICATION	  OF	  THE	  MODEL	  AND	  RESULTS	  The	  current	  section	  is	  devoted	  to	  the	  presentation	  and	  discussion	  of	  the	  results	  of	  the	   model	   optimisation.	   Prior	   to	   the	   discussion,	   the	   numerical	   values	   of	   all	   the	  parameters	   used	   are	   summarised	   and	   the	   different	   decision	   variables	   and	  important	  KPIs	  are	  defined.	  
5.1 NUMERICAL	  VALUE	  OF	  THE	  SYSTEM’S	  PARAMETERS	  AND	  ANALYSED	  KPIS	  Below,	  a	  summary	  chart	  with	   the	   final	  values	  of	   the	  parameters	  explained	   in	   the	  previous	   section	   and	   the	   notation	   used	   is	   presented	   in	   order	   to	   enable	   an	   easy	  tracking	  of	  the	  results	  obtained.	  	  
1.	  Service	  Area	  
Parameter	   Value	   Units	  
Service	  area	  -­‐	  R	   49	   km2	  
Average	  slope	  -­‐	  α 	   1,9	   %	  
Average	  daily	  demand	  -­‐	  λd	   36,52	   𝑡𝑟𝑖𝑝𝑠ℎ · 𝑘𝑚!	  
Peak	  demand	  -­‐	  λ 	   83,0	   𝑡𝑟𝑖𝑝𝑠ℎ · 𝑘𝑚!	  	  
2.	  Users	  behaviour	  
Parameter	   Value	   Units	  
Uphill	  trips	  lost	  due	  to	  the	  slope	  -­‐	  
P(α)	  
0,092	   -­‐	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Average	  riding	  time	  -­‐	  τs	   0,378	   h	  
Average	  cycling	  speed	  -­‐	  vc	   10,16	   𝑘𝑚ℎ 	  
Average	  walking	  speed	  -­‐	  vw	   3,6	   𝑘𝑚ℎ 	  
User	  value	  of	  time	  -­‐	  β 	   11,4	   €ℎ	  
User	  value	  of	  time	  lost	  -­‐	  βTL	   24,91	   €ℎ	  	  
3.	  Infrastructure	  costs	  
Parameter	   Value	   Units	  
Ratio	  fleet	  size/available	  
bicycles	  -­‐	  ξ 	  
1,15	   -­‐	  
Total	  investment	  cost	  -­‐	  γ 	   0,0545	   €𝑏𝑖𝑘𝑒 · ℎ	  	  
4.	  Operative	  costs	  
Parameter	   Value	   Units	  
Total	  operation	  cost	  -­‐	  γe	   0,62	   €𝑡𝑟𝑖𝑝	  	  
5.	  Repositioning	  metrics	  
Parameter	   Value	   Units	  
Cruising	  speed	  of	  a	  repositioning	  
van	  -­‐	  vk	  
21	   𝑘𝑚ℎ 	  
Capacity	  of	  a	  repositioning	  van	  –	  
K	  
32	   units	  
Time	  to	  load/unload	  a	  bicycle	  -­‐	  δ 	   0,01	   h	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6.	  Repositioning	  costs	  
Parameter	   Value	   Units	  
Repositioning	  costs	  -­‐	  Ct	   13,03	   €ℎ 	  
Table	  4	  Numerical	  value	  of	  the	  parameters	  involved	  in	  the	  optimisation	  The	  decision	  variables	  that	  are	  going	  to	  be	  optimised	  are	  detailed	  in	  Table	  5	  as	  a	  reminder.	  
Decision	  variables	  
Parameter	   Units	  
Density	  of	  stations	  -­‐	  Λ 	  	   𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑠𝑘𝑚! 	  
Repositioning	  period	  –	  h	  	   hours	  
Probability	  of	  no	  service	  -­‐	  P	   -­‐	  
Minimum	  number	  of	  
repositioning	  operations	  to	  
visit	  a	  station	  -­‐	  k	  
units	  	  
Table	  5	  Decision	  variables	  of	  the	  system	  Once	  the	  decision	  variables	  have	  been	  found,	  the	  KPIs	  that	  will	  be	  found,	  discussed	  and	  compared	  with	  the	  actual	  values	  are	  presented	  in	  Table	  6.	  
KPI	   Units	  
Fleet	  size	   units	  of	  bicycles	  
• Avg.	  #	  of	  bicycles	  in	  use	   units	  of	  bicycles	  
• Stock	  for	  demand	  
fluctuations	  
units	  of	  bicycles	  
• Stock	  for	  avg.	  unbalance	   units	  of	  bicycles	  
• Stock	  for	  decentralization	   units	  of	  bicycles	  
• Stock	  for	  unbalance	  due	  
to	  k	  
units	  of	  bicycles	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Infrastructure	  costs	   €/h	  
Operation	  costs	   €/h	  
Repositioning	  costs	   €/h	  
Repositioning	  teams	   units	  
Access	  costs	   €/h	  
No	  service	  penalty	   €/h	  
Total	  agency	  costs	   €/h	  
Total	  users’	  costs	   €/h	  
Total	  costs	   €/h	  
Generalized	  cost	  per	  trip	   €/trip	  
Fare	   €/trip	  
Table	  6	  KPIs	  of	  the	  system	  The	  sections	  that	  follow	  will	  focus	  on	  the	  results	  of	  the	  numerical	  optimisation	  of	  the	  model,	  with	  detailed	  results	  on	  the	  decision	  variables	  and	  the	  KPIs,	  comparison	  with	   the	   actual	   design	   of	   the	   system	   and	   the	   degree	   of	   compliance	   with	   the	  hypotheses	  made	  when	   building	   the	  model.	   Besides,	   a	   trade-­‐off	   analysis	   will	   be	  carried	  out	  to	  estimate	  the	  impact	  of	  suboptimal	  values	  of	  the	  decision	  variables	  on	  the	  different	  KPIs	  and	  to	  establish	  an	  optimal	  region,	  rather	  than	  an	  optimal	  value,	  for	  these	  variables.	  There	  will	  finally	  be	  an	  analytical	  study	  of	  the	  model	  that	  will	  uncover	   any	   eventual	   economies	   of	   scale	   in	   the	   system	   that	   could	   be	   taken	  advantage	  of	  when	  implementing	  the	  system.	  
5.2 NUMERICAL	  OPTIMISATION	  
5.2.1 Optimal	  value	  of	  the	  decision	  variables	  The	  optimal	  values	  for	  the	  decision	  variables	  of	  the	  system	  after	  the	  optimisation	  of	   the	   equations	   are	   presented	   in	   Table	   7	   together	   with	   the	   actual	   values	   or	  estimates.	  
Decision	  variables	   	   	  




Density	  of	  stations	  –	  Λ 	  	   𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑠𝑘𝑚! 	   24,86	   8,22	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Repositioning	  period	  –	  h	  	   hours	   3,01	   6,833	  
Probability	  of	  no	  service	  
–	  P	  	  
-­‐	   0,0237	   0,19233	  
Minimum	  number	  of	  
repositioning	  operations	  
to	  visit	  a	  station	  –	  k	  	  
units	  	   0,0696	   43	  
Table	  7	  Optimal	  and	  current	  values	  of	  the	  decision	  variables	  It	  can	  be	  seen	  how	  the	  current	  design	  is	  that	  of	  a	  system	  that	  minimises	  basically	  the	  agency	  costs,	  with	  few	  stations	  per	  kilometre	  and	  an	  estimated	  probability	  of	  no	  service	  of	  almost	  20%	  at	  the	  end	  of	  the	  day.	  	  The	   values	   of	   the	   decision	   variables	   for	   the	   current	   system	   must	   have	   been	  determined	  with	  very	  low	  standards	  for	  the	  users’	  costs	  or,	  equivalently,	  very	  low	  values	  of	  time.	  The	  model	  that	  has	  been	  treated	  in	  this	  thesis	  considers	  that	  users’	  costs	   have	   a	   more	   important	   weight	   in	   the	   total	   cost	   of	   the	   system,	   so	   more	  stations	  per	  kilometre	  and	  a	  smaller	  probability	  of	  no	  service	  are	  obtained.	  	  An	   optimal	   density	   of	   stations	   of	   24,86	   per	   square	   kilometre	   implies	   a	   total	  number	  of	  1219	  stations	  in	  a	  service	  region	  of	  49	  km2,	  which	  is	  3	  times	  as	  high	  as	  the	   actual	   number	   of	   stations	   in	   the	   Bicing	   system	   and	   reduces	   the	   maximum	  access	  distance	  from	  175	  m	  to	  100	  m.	  Such	  a	  density	  of	  stations	  implies	  building	  a	  station	  every	  200	  metres	  on	  average.	  This	  illustrates	  the	  magnitude	  of	  the	  increase	  in	  the	  number	  of	  stations.	  As	  a	  comparative	  example,	  the	  average	  bus	  stop	  spacing	  in	  Barcelona,	  as	  of	  2009,	  was	  of	  200	  m	  as	  well	  [11]	  keeping	  in	  mind	  that	  the	  space	  and	  infrastructure	  needed	  for	  a	  bus	  stop	  are	  much	  smaller	  than	  those	  of	  a	  Bicing	  station.	   In	   order	   to	   try	   to	   reduce	   the	   optimal	   number	   of	   stations,	   it	   would	   be	  possible	   to	   include	   a	   penalty	   per	   station	   in	   the	   infrastructure	   costs.	   This	  modification	  would	  not	  change	  much	  the	  optimal	  value	  of	  the	  rest	  of	  the	  DVs,	  but	  would	  neither	  reduce	  considerably	  the	  number	  of	  stations	  in	  the	  system4.	  As	  for	  the	  repositioning	  period,	  it	  fulfils	  the	  hypothesis	  of	  being	  between	  2	  and	  24	  hours,	   so	   it	   can	   still	   be	   considered	   as	   periodic.	   Nonetheless,	   its	   low	   value	   (3h)	  indicates	  that	  a	  continuous	  rebalancing	  strategy	  would	  be	  the	  most	  effective,	  as	  in	  practice	  short	  rebalancing	  periods	  imply	  that	  repositioning	  teams	  are	  continuously	  working.	  Finally,	  parameter	  k	  needs	  to	  be	  reinterpreted.	  Its	  value	  is	  so	  small	  that	  it	  can	  no	  longer	  be	  seen	  as	  a	  threshold	  to	  visit	  stations	  or	  not	  when	  rebalancing	  the	  system,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  3	  Estimated	  value.	  See	  Appendix	  3	  for	  details	  4	  Indeed,	  with	  a	  penalty	  of	  0,06	  €/h	  per	  station	  which	  corresponds	  to	  a	  fixed	  cost	  of	  5500€	  that	  could,	  for	  instance,	  cover	  the	  cost	  of	  the	  pole	  which	  is	  independent	  of	  the	  number	  of	  slots,	  the	  new	  optimal	  station	  density	  is	  of	  21,93	  stations/km2,	  very	  similar	  to	  the	  previous	  one.	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but	  rather	  as	  a	  factor	  to	  reduce	  the	  density	  of	  stations	  to	  visit	  every	  repositioning	  period.	  Given	   the	  definition	  of	   PR	  and	   given	   the	   values	   of	   P	   and	  k,	   the	  density	   of	  stations	  to	  visit	  every	  repositioning	  period	  ΛR	  is	  23,32,	  which	  can	  be	  interpreted	  as	  an	   increase	   in	   the	   average	   access	   distance.	   Indeed,	   the	   clustering	   concept	   is	  already	   used	   in	   the	   real	   Bicing	   system	   in	   order	   to	   minimise	   the	   rebalancing	  requirements	   and	   the	   distance	   travelled	   by	   the	   repositioning	   vans,	   assuming	   an	  acceptable	  access	  distance	  of	  300	  metres.	  
5.2.2 Optimal	  costs	  and	  other	  monetary	  KPIs	  With	  the	  optimal	  value	  of	  the	  decision	  variables	  it	  is	  possible	  to	  find	  the	  costs	  and	  other	  KPIs	  corresponding	  to	  the	  optimal	  design.	  These	  KPIs,	  listed	  a	  few	  sections	  above,	  have	  the	  following	  numerical	  values	  (Table	  8):	  
Key	  Performance	  Indicators	  	  -­‐	  Costs	  




Infrastructure	  costs	   €/h	   991,1	   603,30	  
Operation	  costs	   €/h	   2521,5	   2521,5	  
Repositioning	  costs	   €/h	   762,1	   221,86	  
Repositioning	  teams	   units	   59	   18	  
Access	  costs	   €/h	   1291,4	   2246,0	  
No	  service	  penalty	   €/h	   181,3	   2556,2	  
Total	  agency	  costs	   €/h	   4274,72	   3346,7	  
Total	  users’	  costs	   €/h	   1472,70	   4802,2	  
Total	  costs	   €/h	   5747,4	   8148,8	  
Generalized	  cost	  per	  
trip	  
€/trip	   3,21	   4,55	  
Fare	   €/trip	   2,39	   1,87	  
Table	  8	  Numerical	  value	  of	  the	  costs	  for	  the	  optimal	  design	  and	  other	  monetary	  KPIs	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  5	  The	  current	  value	  is	  obtained	  applying	  the	  model	  equations	  to	  the	  actual	  value	  of	  the	  decision	  variables	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A	   good	   check	   of	   the	   accuracy	   of	   the	   model	   before	   starting	   the	   comparisons	  between	  the	  current	  and	  the	  optimal	  system	  is	  to	  compare	  the	  cost	  estimation	  for	  the	  current	  system	  with	  the	  real	  costs	  reported	  in	  different	  sources	  such	  as	  [6]	  or	  [15].	  The	  current	  cost	  for	  the	  Bicing	  system	  is	  estimated	  to	  be	  around	  17	  M€	  per	  year	   to	   the	   agency.	   The	   model	   has	   provided	   an	   hourly	   agency	   cost	   of	   3346,7€.	  Considering	  an	  average	  daily	  opening	  hours	  of	  22,	  then	  this	  cost	  is	  equivalent	  to	  a	  yearly	  cost	  of	  26,9	  M€.	  There	  certainly	   is	  an	  overestimation	  of	   the	  costs,	  but	   the	  order	  of	  magnitude	  is	  correct	  and	  at	  this	  planning	  stage	  this	  level	  of	  accuracy	  can	  be	  considered	  as	  sufficient.	  Now	  it	  is	  possible	  to	  start	  comparing	  the	  current	  with	  the	  optimal	  system.	  As	  expected,	   the	  current	  Bicing	  design	  has	  smaller	  agency	  costs	   than	  the	  optimal	  one	  but	  huge	  user	  costs.	  The	  main	  increase	  in	  the	  agency	  costs	  takes	  place	  in	  the	  repositioning	  ones,	  which	  are	  three	  times	  bigger	  than	  the	  current	  ones,	  mainly	  due	  to	   the	   increase	   in	   the	   stations’	   density	   and	   thus	   in	   the	   required	   number	   of	  repositioning	  operations	  (see	  section	  5.3	  for	  more	  information	  on	  the	  sensitivity	  of	  the	  model).	   Concerning	   the	   user	   costs,	   the	  main	   improvement	   is	   relating	   the	   no	  service	  penalty,	  considerably	  reduced	  with	  the	  optimal	  value	  of	  the	  probability	  of	  no	  service	   together	  with	   the	  stations.	   In	   the	  end,	   the	   total	  costs	  of	   the	  system	  go	  from	  8148,8	  €/h	  to	  5747,4.	  It	  is	  important	  to	  note	  the	  difference	  between	  the	  generalized	  cost	  per	  trip	  and	  the	  fare	  without	  subsidies	  that	  should	  be	  fixed	  to	  the	  users.	  The	  general	  cost	  per	  trip	  is	  obtained	  dividing	   the	   total	   costs	  over	   the	  daily	  average	  demand	  per	  hour.	   In	   the	  current	  design	  it	  is	  of	  4,55	  €/trip	  whilst	  the	  generalized	  cost	  per	  trip	  in	  the	  optimal	  design	  would	  be	  of	  3,21	  €/trip.	  The	   fare	   is	  obtained	  by	  dividing	  only	   the	  agency	  costs	  over	  the	  demand,	  meaning	  that	  the	  fare	   in	  the	  optimal	  design	  (2,39	  €/trip)	  will	  be	  higher	  than	  the	  current	  one	  (1,87	  €/trip).	  Though	  it	  seems	  as	  if	  users	  would	  be	  reluctant	  to	  accept	  this	  measure,	  it	  is	  to	  keep	  in	  mind	  that	  the	  global	  cost	  users	  pay	  to	  use	  the	  system	  is	  not	  the	  fare	  but	  the	  total	  cost,	  as	  the	  difference	  between	  them	  accounts	  for	  the	  level	  of	  service	  of	  the	  system,	  directly	  perceived	  by	  users.	  It	   can	  be	   interesting	   to	   compare	   the	   results	   of	   the	  model	   for	   the	   current	   system	  with	  the	  real	   fare	  users	  are	  paying	  at	  the	  moment.	  As	  found	  in	  [8],	   in	  2015	  there	  were	  96141	  subscribers	  and	  a	   total	  of	  11526997	   trips,	  which	  yields	  around	  120	  trips	  per	  user	  as	  an	  average	  in	  a	  year.	  The	  annual	  subscription	  fee	  is	  of	  47,16€,	  so	  the	  average	  fare	  per	  trip	  that	  is	  being	  paid	  right	  now,	  without	  taking	  into	  account	  penalizations	  for	  trips	  longer	  than	  30	  minutes,	  is	  of	  0,39	  €.	  This	  means	  that,	  with	  an	  optimal	  design,	  2€/trip	  would	  need	   to	  be	  subsidised	   in	  order	   to	  maintain	   the	  current	  fares. 
5.2.3 Optimal	  design	  parameters	  After	  the	  economic	  discussion	  of	  the	  optimal	  design,	  this	  section	  is	  devoted	  to	  the	  discussion	  of	  the	  design	  parameters,	  i.e.	  the	  fleet	  size,	  the	  stations’	  size	  per	  height	  and	  the	  total	  number	  of	  needed	  slots	  and	  the	  optimal	  number	  of	  bicycles	  after	  each	  complete	   rebalancing.	  Moreover,	   as	   the	  equations	  of	   the	  model	   concerning	   these	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parameters	   are	   quite	   conservative,	   it	   allows	   finding	   lower	   bounds	   for	   them	   that	  will	  also	  be	  discussed.	  
Key	  Performance	  Indicators	  	  -­‐	  Design	  




Fleet	  size	   units	   18186	   6000	  
Avg.	  #	  of	  bicycles	   in	  
use	  
units	   1768	   -­‐	  
Stock	   for	   demand	  
fluctuations	  
units	   89	   -­‐	  
Stock	  for	  avg.	  
unbalance	  
units	   984	   -­‐	  
Stock	  for	  
decentralization	  
units	   15341	   -­‐	  
Stock	  for	  unbalance	  
due	  to	  k	  
units	   4	   -­‐	  
Total	  number	  of	  slots	   units	   32463	   10247	  
Ratio	  slots/fleet	   -­‐	   1,79	   1,71	  
Table	  9	  Numerical	  value	  of	  the	  design	  parameters	  of	  the	  system	  As	  presented	  in	  Table	  9,	  the	  optimal	  fleet	  size	  is	  more	  than	  three	  times	  as	  big	  as	  the	  current	  one.	  The	  stock	  that	  increases	  the	  fleet	  size	  the	  most	  is	  the	  one	  accounting	  for	  decentralisation.	  This	  is	  due	  to	  the	  fact	  that	  the	  density	  of	  stations	  is	  pretty	  big	  compared	   to	   the	   current	   one.	   Decentralisation	   takes	   into	   account	   the	   fact	   that	  stations	  behave	  as	  independent	  pods	  in	  the	  system	  and	  adds	  an	  average	  additional	  stock	  of	  13	  bicycles	  per	  station.	  The	   number	   of	   required	   slots	   increases	   consequently,	   showing	   how	   the	   ratio	  between	   the	   total	   slots	  and	   the	   fleet	   size	   is	  almost	  constant	  between	   the	  current	  and	   the	   optimal	   system.	   Thus,	   in	   this	   sense	   the	   current	   system	   is	   well	   planned	  according	  to	  the	  model	  used.	  The	  number	  of	  slots	  can	  also	  be	  studied	  as	  height	  dependant.	  As	  it	  can	  be	  seen	  in	  Figure	  7,	  the	  variation	  between	  heights	  is	  very	  little,	  only	  going	  from	  29	  slots	  in	  the	  extreme	  heights	  down	  to	  27	  in	  the	  central	  stations.	  This	  distribution	  is	  mainly	  due	  to	  the	  unbalance	  term,	  which	  reaches	   its	  maximum	  in	  the	   lowest	  and	  the	  highest	  stations.	   It	   can	   be	   interesting	   to	   compare	   this	   value	   to	   the	   real	   capacity	   of	   the	  Bicing	  stations	  and	  see	  if	  there	  is	  any	  important	  correlation	  with	  height.	  As	  shown	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in	   Figure	   8,	   the	   current	   stations’	   capacity	   of	   the	   system	   is	   not	   height	   dependent	  and	   in	   general	   is	   bigger	   than	   the	   one	   corresponding	   to	   the	   optimal	   design.	   This	  makes	  sense,	  as	  currently	  there	  are	  8,22	  stations	  per	  square	  kilometre	  against	  the	  24,86	  from	  the	  optimal	  design,	  so	  bigger	  stations	  are	  needed	  even	  if	  the	  fleet	  size	  is	  much	  smaller.	  
	  
Figure	  7	  Optimal	  stations’	  capacity	  as	  a	  function	  of	  height	  
	  
Figure	  8	  Current	  stations’	  capacity	  as	  a	  function	  of	  height	  Finally,	   concerning	   the	   optimal	   distribution	   of	   bicycles	   after	   repositioning,	   it	   is	  easy	  to	  understand	  why	  it	  increases	  with	  height	  (see	  Figure	  9),	  given	  that	  the	  slope	  prompts	  users	  to	  take	  bicycles	  from	  higher	  stations	  to	  lower	  ones.	  Besides,	  and	  as	  it	  should	  be,	  the	  optimal	  number	  of	  bicycles	  to	  leave	  at	  a	  station	  is	  always	  smaller	  than	  the	  optimal	  capacity.	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Figure	  9	  Optimal	  distribution	  of	  bicycles	  after	  rebalancing	  As	  explained	  in	  section	  3,	  equations	  for	  the	  fleet	  size,	  the	  stations’	  capacity	  and	  the	  optimal	  distribution	  after	  rebalancing	  are	  conservative.	  Some	  lower	  bounds	  can	  be	  found	   if	   safety	  stocks	  are	  reduced,	  accepting	   that	  a	  worse	   level	  of	  service	  will	  be	  given.	  The	  three	  options	  were	  the	  following:	  
a) Consider	  the	  probability	  of	  no	  service	  as	  the	  square	  root	  of	  the	  probability	  that	   a	   station	   is	   empty	   or	   full,	   so	   use	   𝑷𝒆	  and	   𝑷𝒇	  in	   the	   equations,	   𝑷	  when	  𝑷𝒆 = 𝑷𝒇.	  
b) Only	  account	  for	  the	  maximum	  of	  the	  possible	  fluctuations,	  so:	  𝑚!" = 𝜉 𝜆 · 𝑅 · 𝜏!+ 𝑅 · 𝜆! · 𝑃 𝛼 · ℎ2 + 𝑘 · Λ · F · R · h! − 14+max 𝐹!! 1− 𝑃 · 𝜆 · 𝑅 · 𝜏!                                                                     + 𝐹!! 1− 𝑃 · 𝑅 · 2 · 𝜆! · ℎ · Λ    	  𝑀!" = 𝑚 + 𝑅 · 𝜆! · 𝑃 𝛼 · ℎ2 + 𝑘 · Λ · 𝐹 · 𝑅 · (ℎ! − 1)4+𝑚𝑎𝑥 𝐹!! 1− 𝑃 · 𝜆 · 𝑅 · 𝜏!                                                                   + 𝐹!! 1− 𝑃 · 𝑅 · 2 · 𝜆! · ℎ · Λ 	  
c) Use	  average	  unbalance	  to	  account	  for	  all	  fluctuations	  if	  the	  additional	  stock	  due	  to	  this	  phenomenon	  is	  large	  enough.	  This	   option	   is	   only	   valid	   if	   the	   time	   needed	   for	   unbalance	   to	   equal	   the	  maximum	   fluctuations	   is	  much	   smaller	   than	  h.	  This	   time	   is	   obtained	  with	  Equation	  24	  reproduced	  below.	   If	   it	   is	  small	  enough,	   fluctuations	  could	  be	  discarded	  in	  the	  equations.	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𝑅 · 𝜆! · 𝑃(𝛼)2 · 𝑡= 𝑚𝑎𝑥 𝐹!! 1− 𝑃 · 𝜆 · 𝑅 · 𝜏!                                                                   + 𝐹!! 1− 𝑃 · 𝑅 · 2 · 𝜆! · ℎ · Λ 	  The	  first	  thing	  that	  will	  be	  done	  is	  to	  verify	  the	  condition	  for	  the	  last	  option.	  If	  it	  is	  not	  fulfilled,	  then	  the	  third	  option	  will	  be	  directly	  ruled	  out.	  The	  time	  obtained	  is	  47	  hours,	  which	  yields	  a	  ratio	  t/h	  of	  around	  16,	  much	  higher	  than	  1.	  The	  optimal	  stations’	  density	  is	  big	  enough	  to	  make	  the	  fluctuations	  due	  to	  decentralization	  too	  high	  for	  unbalance	  to	  cover	  them.	  Thus,	  the	  third	  option	  will	  not	  be	  valid	  for	  this	  particular	  optimal	  design.	  The	  results	  obtained	  for	  the	  other	  two	  options	  are	  summarised	  in	  Table	  10,	  where	  it	  can	  be	  seen	  how	  option	  b	  is	  far	  more	  conservative	  than	  option	  a,	  as	  its	  results	  are	  very	  similar	  to	  the	  optimal	  value.	  As	  option	  a	  affects	  the	  term	  of	  decentralisation,	  the	  fleet	  size	  and	  the	  number	  of	  slots	  have	  been	  reduced	  significantly.	  In	  order	  to	  decide	  whether	  the	  lower	  bound	  in	  option	  a	  is	  admissible	  or	  not,	  a	  detailed	  study	  on	   the	   demand	   of	   the	   system	   should	   be	   carried	   out	   so	   as	   to	   assess	   with	   which	  probability	  maximum	  fluctuations	  are	  prone	  to	  happening	  at	  the	  same	  time.	  If	  they	  mainly	  occur	  separately,	  then	  the	  lower	  bound	  could	  be	  used.	  
Key	  Performance	  Indicators	  	  -­‐	  Lower	  Bounds	  for	  design	  parameters	  




Fleet	  size	   units	   18186	   10690	   18097	  
Avg.	  #	  of	  bicycles	   in	  
use	  
units	   1768	   1768	   1768	  
Stock	   for	   demand	  
fluctuations	  
units	   89	   46	   -­‐	  
Stock	  for	  avg.	  
unbalance	  
units	   984	   984	   984	  
Stock	  for	  
decentralization	  
units	   15341	   7888	   15341	  
Stock	  for	  unbalance	  
due	  to	  k	  
units	   4	   4	   4	  
Total	  number	  of	  slots	   units	   32463	   15797	   26184	  
Ratio	  slots/fleet	   -­‐	   1,79	   1,70	   1,66	  
Table	  10	  Upper	  and	  lower	  bounds	  of	  the	  design	  parameters	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The	   stations’	   capacity	   and	   the	   optimal	   distribution	   after	   rebalancing	   operations	  can	   also	   be	   reduced	  with	   the	   options	   presented	   above.	   The	   results	   obtained	   are	  shown	   in	   Figure	   10	   and	   in	   Figure	   11.	   Again,	   the	   second	   option	   is	   much	   more	  conservative	  than	  the	  first	  one.	  
	  
Figure	  10	  Stations’	  capacity	  –	  upper	  and	  lower	  bounds	  
	  
Figure	  11	  Optimal	  distribution	  of	  bicycles	  after	  rebalancing	  –	  upper	  and	  lower	  bounds	  
5.3 TRADE-­‐OFFS	  AND	  SENSITIVITY	  ANALYSIS	  One	   important	   analysis	   after	   finding	   the	   optimal	   decision	   variables	   and	   design	  parameters	  is	  to	  see	  how	  the	  model	  behaves	  with	  suboptimal	  values.	  This	  way,	  by	  fixing	   a	  maximum	   variation	   in	   the	   total	   cost	   of	   the	   system,	   some	   ranges	   can	   be	  found	  for	  the	  different	  decision	  variables.	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A	   first	   qualitative	   trade-­‐off	   analysis	   of	   the	   equations	   allows	   understanding	   the	  behaviour	  of	  the	  system.	  By	  looking	  at	  Equation	  11	  to	  Equation	  19	  the	  variations	  summarised	  in	  Table	  11	  are	  to	  be	  expected.	  
Trade-­‐offs	   	   	  
Decision	  
variable	  
Agency	  costs	   User	  costs	  





stations	  –	  ↑Λ 	  	   ↑	   ↑	   =	   ↓	   ↓	  
Repositioning	  
period	  –	  ↑h	  	   ↑	   ↓	   =	   =	   =	  
Probability	  of	  





visit	  a	  station	  
–	  ↑k	  	  
↑	   ↓	   =	   =	   =	  
Table	  11	  Qualitative	  analysis	  of	  the	  trade-­‐offs	  of	  the	  model	  With	   this	   qualitative	   analysis	   in	  mind,	   a	   numerical	   sensitivity	   analysis	   is	   carried	  out	  in	  order	  to	  understand	  the	  magnitude	  of	  the	  variations	  and	  which	  is	  the	  global	  impact	  on	  the	  total	  costs	  of	   the	  systems.	  The	  sensitivity	  analysis	  will	  be	  done	   for	  each	  variable	  separately.	  A	   first	  approach	  to	   the	   trade-­‐offs	  analysis	   is	  made	  by	  observing	  the	  behaviour	  of	  the	  general	  cost	  function	  and	  the	  agency	  and	  the	  user	  costs	  separately.	  Afterwards,	  the	  behaviour	  of	  each	  term	  of	  the	  general	  cost	  function	  is	  studied.	  The	  sensitivity	  analysis	  has	  been	  also	  used	  to	  define	  some	  ranges	  for	  the	  decision	  variables.	   A	  maximum	   variation	   of	   5%	   of	   the	   total	   cost	   has	   been	   established	   in	  order	  to	  find	  the	  minimum	  and	  maximum	  values	  admitted	  for	  each	  variable.	  	  This	  maximum	  variation	  gives	  a	  maximum	  generalized	  cost	  of	  5464,1	  €/h	  and	  the	  admissible	   values	   for	   each	   DV	  when	   all	   other	   parameters	   are	   kept	   constant	   are	  presented	  in	  Table	  12.	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Decision	  variables	  –	  admissible	  range	   	  
Parameter	   Units	   Minimum	   Optimal	   Maximum	  
Density	  of	  stations	  –	  Λ 	  	   𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑠𝑘𝑚! 	   14,5	   24,86	   86,5	  
Repositioning	  period	  –	  
h	  	  
hours	   1,2	   3,01	   9,8	  
Probability	  of	  no	  
service	  –	  P	  	  
-­‐	   0,002	   0,0237	   0,110	  
Minimum	  number	  of	  
repositioning	  
operations	  to	  visit	  a	  
station	  –	  k	  	  
units	  	   0,01	   0,0696	   0,9	  
Table	  12	  Admissible	  range	  of	  values	  of	  the	  DV	  It	  is	  interesting	  to	  note	  how	  the	  modelling	  can	  be	  considered	  as	  robust	  in	  general,	  but	  especially	  for	  the	  stations’	  density	  and	  the	  repositioning	  period,	  which	  admit	  a	  wider	  range	  of	  values	  for	  very	  small	  variations	  of	  the	  cost	  (see	  Figure	  12	  to	  Figure	  15).	   The	   probability	   of	   no	   service	   and	   the	   minimum	   number	   of	   repositioning	  operations	  are	  numerically	  bounded	  due	   to	   the	  model	   itself	  and	   the	  definition	  of	  the	  fraction	  of	  stations	  to	  visit	  every	  repositioning	  period,	  ΛR.	   In	  their	  admissible	  value	   ranges,	   the	   optimisation	   can	   also	   considered	   to	   be	   robust	   (Figure	   16	   to	  Figure	  19).	  The	   fact	   that	   the	   model	   is	   robust	   with	   respect	   to	   the	   stations’	   density	   is	   very	  interesting,	  as	  it	  is	  the	  most	  costly	  DV	  to	  adapt	  with	  time.	  This	  means,	  for	  instance,	  that	  a	   system	  whose	  demand	   is	   continually	  evolving	  could	  perfectly	  work	  with	  a	  suboptimal	   density	   of	   stations,	   as	   the	   total	   costs	   of	   the	   system	   would	   not	   be	  importantly	  affected.	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Figure	  12	  Sensitivity	  analysis	  of	  the	  costs	  with	  respect	  to	  the	  stations’	  density	  (I)	  
	  
Figure	  13	  Sensitivity	  analysis	  of	  the	  costs	  with	  respect	  to	  the	  stations’	  density	  (II)	  
	   49	  
	  
Figure	  14	  Sensitivity	  analysis	  of	  the	  costs	  with	  respect	  to	  the	  repositioning	  period	  (I)	  
	  
Figure	  15	  Sensitivity	  analysis	  of	  the	  costs	  with	  respect	  to	  the	  repositioning	  period	  (II)	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Figure	  16	  Sensitivity	  analysis	  of	  the	  costs	  with	  respect	  to	  the	  probability	  of	  no	  service	  (I)	  
	  
Figure	  17	  Sensitivity	  analysis	  of	  the	  costs	  with	  respect	  to	  the	  probability	  of	  no	  service	  (II)	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Figure	  18	  Sensitivity	  analysis	  of	  the	  costs	  with	  respect	  to	  the	  repositioning	  operations	  
threshold	  (I)	  
	  
Figure	  19	  Sensitivity	  analysis	  of	  the	  costs	  with	  respect	  to	  the	  repositioning	  operations	  
threshold	  (II)	  
	   	  





6 APPLICATION	  OF	  THE	  MODEL	  TO	  E-­‐
BICYCLES	  AND	  RESULTS	  This	   section	   is	   focused	   on	   the	   presentation	   and	   discussion	   of	   the	   results	   of	   the	  model	   optimisation	   in	   the	   case	   of	   a	   system	   equipped	   with	   electrical	   bicycles.	  Before	  the	  discussion,	  special	  parameters	  for	  the	  electrical	  system	  are	  detailed.	  
6.1 NUMERICAL	  VALUE	  OF	  THE	  SYSTEM’S	  PARAMETERS	  Virtually	  all	  the	  parameters	  detailed	  in	  section	  4	  are	  valid	  for	  e-­‐bicycles.	  Those	  that	  change	  or	  are	  only	  necessary	  for	  this	  kind	  of	  system	  are	  summarised	  in	  Table	  13	  with	  the	  notation	  used.	  
Parameters	  for	  the	  e-­‐Bicycles	  
Parameter	   Value	   Units	  
Uphill	  trips	  lost	  due	  to	  the	  
slope	  –	  Pe(α)	  
0,046	   -­‐	  
Total	  investment	  cost	  -­‐	  γe	   0,12	   €𝑏𝑖𝑘𝑒 · ℎ	  
Total	  operation	  cost	  -­‐	  γe,e	   1,48	   €/𝑡𝑟𝑖𝑝	  
Average	  speed	  –	  vb	   15	   𝑘𝑚/ℎ	  
Available	  usage	  time	  of	  a	  fully	  
charged	  bicycle	  –	  Tb	  
2,7	   h	  
Time	  to	  fully	  charge	  an	  e-­‐
bicycle	  –	  T’b	  
2	   h	  
Table	  13	  Parameters	  for	  e-­‐bicycles	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The	  decision	  variables	  of	  the	  system	  and	  the	  KPIs	  that	  will	  be	  studied	  are	  the	  same	  as	   with	   the	   conventional	   system.	   There	   is	   just	   one	   condition	   that	   needs	   to	   be	  verified,	  which	   is	   that	   the	  cumulative	  available	   time	  needs	   to	  be	  positive	  along	  a	  day.	   Below	   there	   is	   a	   reminder	   of	   the	   definition	   of	   this	   parameter	   (T).	   Refer	   to	  section	  3.7	  for	  further	  details.	  𝑇 = 𝑚 · 𝑇! − 𝜆! · 𝑅 · 𝜏! · 𝑑𝑡 + 𝑚 − 𝜆! · 𝑅 · 𝜏! · 𝑇!𝑇′! · 𝑑𝑡 > 0!!!! 	  
6.2 NUMERICAL	  OPTIMISATION	  
6.2.1 Optimal	  value	  of	  the	  decision	  variables	  The	  numerical	  optimisation	   for	   this	  new	  system	  has	   led	   to	   the	   following	  optimal	  values	  for	  the	  system’s	  decision	  variables:	  
Decision	  variables	   	   	  




Density	  of	  stations	  –	  Λe	  	   𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑠𝑘𝑚! 	   23,35	   24,86	  
Repositioning	  period	  –	  he	  	   hours	   1,81	   3,01	  
Probability	  of	  no	  service	  –	  Pe	  	   -­‐	   0,0327	   0,0237	  
Minimum	  number	  of	  
repositioning	  operations	  to	  
visit	  a	  station	  –	  ke	  	  
units	  	   0,0897	   0,0696	  
Table	  14	  Optimal	  values	  of	  the	  decision	  variables	  for	  the	  e-­‐bicycle	  system	  These	   results	   are	   in	   line	  with	   the	  new	   cost	   parameters,	   although	   their	   impact	   is	  smaller	   than	   expected	   in	   some	   parameters,	   such	   as	   the	   stations	   density.	   The	  optimal	  total	  number	  of	  stations	  in	  a	  system	  with	  electrical	  bicycles	  is	  of	  1145,	  only	  a	   6%	   smaller	   than	   in	   a	   conventional	   system,	  with	   an	   average	   access	   distance	   of	  103,5	  metres	  (one	  station	  every	  207	  metres).	  The	  most	  affected	  parameter	  is	  the	  repositioning	  period,	  that	  is	  a	  40%	  shorter	  than	  in	  a	  conventional	  system.	  In	   further	  sections	   it	  will	  be	  seen	  that	  another	   important	  change	  will	  be	  the	  fleet	  size,	  and	  that	  will	  explain	  the	  similar	  number	  of	  stations.	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6.2.2 Optimal	  costs	  and	  other	  monetary	  KPIs	  All	  the	  costs	  corresponding	  to	  the	  optimal	  design	  as	  well	  as	  other	  monetary	  KPIs	  have	   been	   listed	   in	   Table	   15	   together	   with	   those	   values	   for	   the	   optimal	  conventional	  system	  in	  order	  to	  enable	  easy	  comparisons	  between	  them.	  
Key	  Performance	  Indicators	  	  -­‐	  Costs	  
Parameter	   Units	   Optimal	  value	   Optimal	  value	  for	  
the	  conventional	  
system	  
Infrastructure	  costs	   €/h	   1193,9	   991,1	  
Operation	  costs	   €/h	   6019,1	   2521,5	  
Repositioning	  costs	   €/h	   653,9	   762,1	  
Repositioning	  teams	   units	   51	   59	  
Access	  costs	   €/h	   1332,5	   1291,4	  
No	  service	  penalty	   €/h	   236,3	   181,3	  
Total	  agency	  costs	   €/h	   7866,9	   4274,72	  
Total	  users’	  costs	   €/h	   1568,9	   1472,70	  
Total	  costs	   €/h	   9435,9	   5747,4	  
Generalized	  cost	  per	  trip	   €/trip	   5,27	   3,21	  
Fare	   €/trip	   4,40	   2,39	  
Table	  15	  Numerical	  value	  of	  the	  costs	  for	  the	  optimal	  design	  with	  e-­‐bicycles	  and	  other	  
monetary	  KPIs	  The	  main	  increase	  in	  the	  total	  costs	  of	  the	  system	  is	  due	  to	  the	  agency	  costs,	  more	  particularly	  the	  operation	  costs	  because	  of	  the	  higher	  unitary	  cost.	  As	  for	  the	  user	  costs,	  they	  are	  slightly	  higher	  because	  the	  optimal	  values	  for	  the	  stations’	  density	  and	  the	  probability	  of	  no	  service	   imply	  slightly	  higher	  access	  costs	  and	  more	  no-­‐service	  penalties.	  	  As	  for	  the	  repositioning	  costs,	  they	  are	  only	  6%	  smaller	  than	  in	  a	  conventional	  system,	  but	  what	  is	  more	  important	  is	  that	  their	  weight	  on	  the	  total	  costs	  has	  been	  almost	  cut	  in	  half	  from	  13%	  to	  7%.	  As	  a	  consequence	  of	  the	  higher	  costs,	  both	  the	  general	  cost	  per	  trip	  (5,27	  €/trip)	  and	   the	   fare	   (4,40	  €/trip)	   that	  correspond	   to	   the	  optimal	  design	  are	  higher	   than	  those	  for	  the	  conventional	  system	  (3,21	  and	  2,39	  €/trip	  respectively).	  	  Again,	   it	   can	  be	  of	   interest	   to	   compare	   the	  optimal	   fare	   to	   the	   current	  one	  being	  paid	   for	   the	   electrical	   bicycle	   service	   offered	   in	   Barcelona.	   Currently	   users	   are	  
	   55	  
paying	   an	   extra	   annual	   fee	   of	   14	   €	   in	   order	   to	   use	   an	   electrical	   bicycle	  (61,16€/year	   in	   total),	   as	  well	   as	   an	   additional	   fee	   of	   0,45	  €	   for	   each	   trip	   of	   30	  minutes	  or	   less.	   Considering	   the	   same	  average	  usage	   rate	   as	   in	   the	   conventional	  system	  (around	  120	  trips	  per	  user	  in	  a	  year),	  this	  leads	  to	  an	  average	  fare	  per	  trip	  of	  0,96€.	  This	   fare	   is	  2,5	   times	  higher	   than	   the	   fare	   for	   the	   conventional	   system.	  With	   the	   optimisation	   of	   the	   model,	   the	   fare	   for	   the	   electrical	   system	   is	   almost	  twice	   as	   big	   as	   the	   one	   for	   the	   conventional	   system,	   meaning	   there	   are	   no	  disproportionate	  overestimations	  of	  the	  system’s	  costs.	  
6.2.3 Optimal	  design	  parameters	  Finally,	  the	  optimal	  design	  parameters	  are	  discussed.	  Again,	  optimal	  values	  for	  the	  fleet	  size,	   the	  stations’	  size	  per	  height	  and	  the	  total	  number	  of	   lots	  as	  well	  as	   the	  optimal	  number	  of	  bicycles	  after	  each	  complete	  rebalancing	  will	  be	  obtained.	  Once	  optimal	  values	  are	  found,	  lower	  bounds	  will	  be	  commented.	  
Key	  Performance	  Indicators	  	  -­‐	  Design	  
Parameter	   Units	   Optimal	  value	   Optimal	  values	  for	  the	  
conventional	  system	  
Fleet	  size	   units	   9949	   18186	  
Avg.	  #	  of	  bicycles	  in	  use	   units	   1768	   1768	  
Stock	   for	   demand	  
fluctuations	  
units	   83	   89	  
Stock	  for	  avg.	  unbalance	   units	   161	   984	  
Stock	  for	  
decentralization	  
units	   7911	   15341	  
Stock	  for	  unbalance	  due	  
to	  k	  
units	   26	   4	  
Total	  number	  of	  slots	   units	   17518	   32463	  
Ratio	  slots/fleet	   -­‐	   1,76	   1,79	  
Table	  16	  Numerical	  value	  of	  the	  design	  parameters	  for	  a	  system	  with	  e-­‐bicycles	  	  The	  optimal	  fleet	  size	  with	  electrical	  bicycles	  is	  45%	  smaller	  than	  the	  optimal	  fleet	  of	  a	  conventional	  system,	  mainly	  due	  to	  stock	  for	  decentralization	  but	  also	  owing	  to	   a	   reduction	  of	  more	   than	  80%	  of	   the	   stock	   accounting	   for	   average	  unbalance,	  which	   is	   the	   main	   reason	   to	   consider	   electrical	   bicycles	   in	   Barcelona.	   With	  electrical	  bicycles,	  the	  unwillingness	  to	  ride	  uphill	  is	  cut	  in	  half	  (see	  section	  4.5	  for	  further	  details)	  reducing	  considerably	  the	  fleet	  and	  the	  repositioning	  needs	  of	  the	  system	  due	  to	  this	  effect.	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The	  total	  number	  of	  slots	  needed	  in	  the	  system	  has	  reduced	  accordingly	  to	  the	  fleet	  size,	  maintaining	  once	  again	   the	   ratio	  between	   the	   total	  number	  of	   slots	   and	   the	  fleet	  around	  1,7	  and	  1,8.	  The	   optimal	   fleet	   size	   easily	   verifies	   the	   condition	   for	   the	   cumulative	   available	  time,	  which	  is	  by	  no	  means	  binding,	  given	  that	  the	  average	  number	  of	  bicycles	  in	  use	  is	  much	  smaller	  that	  safety	  stocks	  due	  to	  other	  effects.	  The	  number	   of	   slots	   can	   also	   be	   studied	   in	   its	   height-­‐dependant	   form,	   obtaining	  similar	  results	  from	  those	  of	  the	  conventional	  system.	  As	  shown	  in	  Figure	  20	  and	  in	   Figure	   21,	   unbalance	   still	   has	   an	   influence	   on	   the	   distribution	   of	   the	   stations’	  capacity	  and	  the	  distribution	  after	  rebalancing,	  although	  its	  effect	  is	  much	  smaller.	  Indeed,	  even	  if	  nearer	  16	  in	  the	  central	  areas,	  the	  optimal	  capacity	  of	  the	  stations	  is	  of	   17	   slots	   for	   all	   heights	   (always	   rounding	  up).	  A	   similar	  phenomenon	  happens	  with	   the	  distribution	  after	  rebalancing,	  where	  only	   the	  highest	  stations	  need	  one	  more	   bicycle.	   Due	   to	   the	   smaller	   fleet	   size,	   both	   the	   stations’	   capacity	   and	   the	  distribution	   after	   repositioning	   are	   considerably	   smaller	   than	   in	   a	   conventional	  system,	   where	   they	   were	   of	   around	   27	   and	   15	   slots	   or	   bicycles	   per	   station	  respectively.	  
	  
Figure	  20	  Optimal	  stations’	  capacity	  for	  the	  e-­‐bicycle	  system	  as	  a	  function	  of	  height	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Figure	  21	  Optimal	  distribution	  of	  e-­‐bicycles	  after	  rebalancing	  The	   options	   to	   find	   lower	   bounds	   for	   the	   stations’	   capacity	   and	   the	   number	   of	  bicycles	   after	   rebalancing	   are	   the	   same	   as	  with	   the	   conventional	   system:	   reduce	  the	  probability	  of	  no	  service	  to	   𝑷,	  account	  only	  for	  the	  maximum	  fluctuations	  or	  not	  take	  them	  into	  account	  at	  all	  if	  unbalance	  is	  large	  enough.	  In	  order	  to	  be	  able	  to	  apply	   the	   third	   option,	   it	   has	   to	   be	   verified	   that	   unbalance	   outnumbers	   the	  maximum	   fluctuations	   enough	   time	   so	   that	   they	   can	   be	   neglected.	   As	   in	   the	  electrical	  system	  unbalance	  is	  even	  smaller	  than	  decentralisation	  than	  it	  was	  in	  the	  conventional	   system,	   it	   will	   be	   impossible	   for	   it	   to	   account	   for	   the	   maximum	  fluctuations.	   Thus,	   only	   the	   first	   two	   options	   are	   possible.	   When	   choosing	   the	  viability	   of	   these	   lower	   bounds,	   especially	   option	   a	   for	   being	   more	   risky,	  fluctuations	  need	  to	  be	  studied	  carefully	  to	  see	  the	  likelihood	  of	  them	  occurring	  at	  the	  same	  time.	  All	  results	  are	  summarised	  in	  Table	  17,	  with	  similar	  results	  to	  those	  obtained	  for	  a	  conventional	  system.	  
Key	  Performance	  Indicators	  	  -­‐	  Lower	  bounds	  for	  design	  parameters	  




Fleet	  size	   units	   9949	   5913	   9866	  
Avg.	  #	  of	  bicycles	   in	  
use	  
units	   1768	   1768	   1768	  
Stock	   for	   demand	  
fluctuations	  
units	   83	   42	   -­‐	  
Stock	  for	  avg.	  
unbalance	  
units	   161	   161	   161	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Stock	  for	  
decentralization	  
units	   7911	   3916	   7911	  
Stock	  for	  unbalance	  
due	  to	  k	  
units	   26	   26	   26	  
Total	  number	  of	  slots	   units	   17518	   9787	   16302	  
Ratio	  slots/fleet	   -­‐	   1,76	   1,60	   1,79	  
Table	  17	  Upper	  and	  lower	  bounds	  of	  the	  design	  parameters	  for	  the	  electrical	  system	  As	  for	  the	  stations’	  capacity	  and	  optimal	  distribution	  after	  rebalancing,	  results	  are	  presented	  in	  Figure	  22	  and	  Figure	  23	  with	  the	  same	  conclusions.	  
	  
Figure	  22	  Stations’	  capacity	  for	  electrical	  system	  –	  upper	  and	  lower	  bounds	  
	  
Figure	  23	  Optimal	  distribution	  of	  e-­‐bicycles	  after	  rebalancing	  –	  upper	  and	  lower	  bounds	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6.3 TRADE-­‐OFFS	  AND	  SENSITIVITY	  ANALYSIS	  The	  model	   for	   e-­‐bicycles	   is	   exactly	   the	   same	   as	   for	   conventional	   bicycles,	   so	   the	  general	  trade-­‐off	  and	  sensitivity	  analysis	  carried	  out	  in	  the	  previous	  section	  is	  valid	  for	  the	  current	  system.	  What	  it	   is	  of	  interest	  is	  to	  find	  the	  ranges	  for	  the	  decision	  variables	   for	   a	  maximum	  variation	  of	   a	  5%	   in	   the	   total	   costs	   and	  when	  all	   other	  parameters	  and	  DV	  are	  kept	  constant.	  This	  maximum	  cost	  now	  is	  of	  10225	  €/h	  and	  it	   gives	   the	   ranges	  presented	   in	  Table	  18,	   that	   again	   show	   the	   robustness	  of	   the	  model,	  especially	  with	  respect	  to	  suboptimal	  densities	  of	  stations.	  	  	  
Decision	  variables	  –	  admissible	  range	   	  
Parameter	   Units	   Minimum	   Optimal	   Maximum	  
Density	  of	  stations	  –	  Λe	  	   𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑠𝑘𝑚! 	   8,5	   23,35	   72	  
Repositioning	  period	  –	  he	  	   hours	   0,5	   1,81	   7,1	  
Probability	  of	  no	  service	  –	  Pe	  	   -­‐	   0,001	   0,0327	   0,163	  
Minimum	  number	  of	  
repositioning	  operations	  to	  visit	  
a	  station	  –	  ke	  	  
units	  	   0,01	   0,0897	   0,516	  
Table	  18	  Admissible	  range	  of	  values	  of	  the	  DV	  for	  e-­‐bicycles	  	  	   	  





7 CONCLUSIONS	  The	  main	  point	  of	  this	  thesis	  has	  been	  to	  create	  a	  model	  and	  estimate	  the	  required	  set	   of	   parameters	   in	   order	   to	   optimise	   the	   bicycle	   sharing	   system	   of	   the	   city	   of	  Barcelona	  as	  well	  as	  to	  extend	  the	  same	  model	  to	  a	  system	  with	  electric	  bicycles.	  The	   assessment	   of	   the	   parameters	   implied	   both	   independent	   research	   and	  treatment	  of	  real	  demand	  data	  of	  the	  existing	  BSS	  in	  Barcelona.	  	  On	  the	  one	  hand,	  this	  research	  has	   led	  to	  approximations	  for	  certain	  parameters,	  namely	  for	  the	  cost	  factors.	  A	  more	  reliable	  value	  for	  these	  factors,	  ideally	  provided	  by	   the	   operator	   of	   the	   system,	  would	   improve	   the	   fit	   of	   the	  model	   to	   the	   city	   of	  Barcelona	   and	   would	   allow	   adjustments	   to	   the	   equations.	   Nevertheless,	   as	  discussed	   in	   section	   5	   and	   6,	   the	   results	   obtained	   are	   good	   estimates	   at	   this	  planning	   stage	   and	   allow	   interesting	   comparisons	   between	   the	   existing	   and	   the	  optimal	  design.	  On	  the	  other	  hand,	  the	  study	  of	  real	  data	  obtained	  from	  the	  system	  has	   led	   to	   very	  nice	   conclusions	  on	  how	  demand	   is	  distributed	   in	   time,	   enabling	  proper	  estimations	  for	  peak	  and	  average	  demands	  along	  different	  periods	  of	  time.	  Furthermore,	   the	   users’	   behaviour	   and	   repositioning	   operations	   could	   also	   be	  studied,	  which	  provided	  insight	  into	  how	  the	  system	  is	  used	  and	  operated.	  The	   model	   has	   been	   tested	   numerically	   and	   analytically	   and	   its	   behaviour	   has	  proven	   to	   be	   as	   expected.	   The	   system	   described	   faces	   trade-­‐offs	   between	   the	  agency	  and	  the	  user	  costs	  affected	  by	  the	  stations	  density	  and	  the	  probability	  of	  no	  service.	   Besides,	   the	   repositioning	   decision	   variables,	   k	   and	   h,	   imply	   trade-­‐offs	  between	   the	   infrastructure	   and	   the	   repositioning	   costs,	   both	   terms	   from	   the	  agency	   costs.	   The	   model	   has	   also	   proved	   to	   have	   economies	   of	   scale	   as	   other	  vehicle	  sharing	  systems	  have,	  even	  though	  their	  effect	  on	  the	  average	  cost	  per	  user	  is	  very	  limited.	  The	   optimisation	   of	   the	   system	   entails	   a	   design	   with	   much	   more	   stations	   and	  bicycles	  than	  the	  existing	  ones	  and	  a	  considerable	  reduction	  of	   the	  probability	  of	  no	  service.	  Concerning	  rebalancing,	  the	  very	  short	  optimal	  period	  suggests	  that	  the	  repositioning	  strategy	  used	  in	  such	  a	  system	  should	  be	  closer	  to	  a	  continuous	  than	  to	  a	  periodic	  one.	  This	  would	  imply	  important	  changes	  in	  the	  model	  so	  as	  to	  better	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describe	  the	  operation	  of	  the	  system.	  Again,	  results	  are	  illustrative	  enough	  at	  this	  planning	  stage	  and	  give	  insightful	  outcome.	  In	   short,	   results	   reveal	   the	   importance	   of	   optimising	   the	   system	   not	   only	  considering	   the	   agency	   costs	   but	   also	   taking	   users	   costs	   into	   account	   or,	  equivalently,	   choosing	   an	   appropriate	   standard	   for	   the	   level	   of	   service.	   As	   a	  reminder,	   the	   current	   design	   obtained	   punctuations	   of	   around	   4.5/10	   for	   the	  availability	  of	  bicycles	  and	  of	  free	  spots,	  two	  of	  the	  most	  valued	  aspects	  in	  such	  a	  system.	  This	  level	  of	  service	  is	  very	  poor	  and	  should	  not	  be	  accepted.	  The	   last	   aim	   of	   the	   research	   was	   the	   application	   of	   the	   model	   to	   an	   electrical	  bicycle	   system,	   which	   was	   satisfactory.	   Results	   show	   how	   such	   a	   system	  would	  work	  at	   its	  best	  with	  around	   the	  same	  number	  of	  stations	  and	  45%	  less	  bicycles	  than	   with	   a	   conventional	   system,	   but	   would	   almost	   be	   twice	   as	   expensive.	   The	  increase	  in	  the	  costs	  comes	  mainly	  from	  operation	  costs,	  which	  represent	  around	  70%	   of	   the	   total	   agency	   costs	   in	   both	   systems.	  What	   is	   interesting	   to	   point	   out	  about	   the	  cost	  structure	   is	  how	  the	  weight	  of	  repositioning	  costs	   is	  almost	  cut	   in	  half	  with	  respect	  to	  total	  agency	  costs,	  which	  was	  one	  of	  the	  motivations	  for	  testing	  such	  a	  scheme.	  	  	  From	   the	   conclusions	   drawn	   above,	   different	   lines	   of	   further	   research	   that	  were	  not	  possible	  to	  include	  in	  this	  thesis	  are	  brought	  to	  light.	  	  Firstly,	   a	   detailed	   study	   about	   the	   fluctuations	   and	   their	   possibility	   to	   occur	  simultaneously	   would	   allow	   the	   fine-­‐tuning	   of	   the	   fleet	   size	   estimation	   so	   as	   to	  avoid	   over-­‐conservative	   equations.	   Other	   improvements	   in	   the	   generalised	   cost	  function	   such	   as	   the	   introduction	   of	   different	   penalties	   for	   lost	   demand	   or	  decomposing	  the	  cost	  factors	  would	  also	  imply	  a	  better	  cost	  and	  design	  estimation.	  Secondly,	   future	   applications	   of	   this	   model	   should	   consider	   the	   application	   of	  continuous	   rebalancing	   strategies,	   especially	   when	   considering	   not	   only	   the	  planning	  stage	  but	  also	  the	  optimisation	  of	  the	  operation	  of	  the	  system.	  To	  do	  that,	  the	  need	  for	  simulations	  is	  very	  likely	  to	  arise,	  as	  rebalancing	  operations	  would	  no	  longer	  be	  independent	  of	  demand,	  but	  would	  interact	  with	  it.	  	  Finally,	   an	   important	   topic	   for	   future	  work	   is	   to	   integrate	   a	   conventional	   system	  with	  one	  composed	  by	  electrical	  bicycles.	  The	  model	  should	  be	  similar	  to	  the	  one	  presented	   in	   this	   thesis	   and	  would	   take	   the	   same	   terms	   into	   account.	   The	  main	  difference	  would	  lie	  in	  the	  split	  of	  the	  demand.	  The	  percentage	  of	  users	  opting	  for	  one	  system	  or	  the	  other	  will	  be	  key	  to	  dimension	  the	  combined	  system.	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1.1 DATA	  RECORDING	  The	   data	   recorded	   and	   used	   in	   this	   thesis	   was	   obtained	   from	   a	   web	   service	  provided	  by	  Clear	  Channel1.	  This	  website	   is	  updated	  every	  minute	  with	   information	  of	  the	  system:	  number	  of	  bicycles	  and	  free	  spots	  in	  each	  station,	  and	  precise	  information	  on	  the	  location	  and	  the	  status	  of	  the	  stations.	  
1.2 TREATMENT	  OF	  THE	  RECORDED	  DATA	  Information	   is	   recorded	   every	   minute,	   including	   the	   dynamic	   data	   (number	   of	  bicycles	   and	   free	   spots	   at	   each	   station)	   and	   the	   static	   one	   (topographic	  characteristics	   of	   each	   station	   –	   longitude,	   latitude	   and	   height).	   Static	   data	   is	  invariable	   in	   time,	   so	   it	   is	   recorded	  once	   and	   stored	   for	   future	   calculations.	  This	  appendix	  is	  focused	  on	  the	  treatment	  of	  the	  dynamic	  data,	  especially	  in	  the	  number	  of	  bicycles	  at	  each	  station	  at	  each	  minute.	  The	   difference	   in	   the	   number	   of	   bicycles	   in	   a	   station	   between	   two	   consecutive	  minutes	  will	  give	  the	  number	  of	  requests	  (negative	  difference)	  or	  returns	  (positive	  difference)	   in	   that	   station.	   It	   is	   important	   to	  notice	   that	   this	   number	  of	   requests	  and	  returns	  include	  those	  variations	  due	  to	  repositioning,	  so	  to	  obtain	  real	  demand	  these	   rebalancing	   operations	   need	   to	   be	   removed.	   Nonetheless,	   despite	   this	  correction,	   this	   demand	   is	   not	   still	   real	   demand.	   This	   difference	   is	   in	   fact	   the	  difference	  between	  the	  requests	  and	  returns	  in	  that	  station	  in	  that	  minute.	  It	  could	  be	  possible	  that	  the	  difference	  between	  two	  consecutive	  minutes	   is	  zero	  and	  still	  have	   demand	   (same	   number	   of	   requests	   and	   returns).	   In	   order	   to	   neglect	   this	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1	  http://wservice.viabicing.cat/v1/getstations.php?v=1	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phenomenon,	   an	   assumption	   is	   made:	   there	   is	   only	   one	   type	   of	   operation	   in	   a	  particular	  minute.	  It	   is	  accepted,	  by	  making	  this	  assumption,	  that	  there	  is	  a	  slight	  underestimation	  of	  the	  total	  demand.	  It	  has	  been	  considered	  that	  if	  the	  difference	  in	  the	  number	  of	  bicycles	  is	  minus	  four	  or	   lower	   (requests),	   or	   three	   or	   higher	   in	   one	   minute	   (returns),	   this	   is	   due	   to	  repositioning	   and	   not	   demand.	   This	   threshold	   has	   been	   determined	   from	  observation	  of	  the	  system	  and	  is	  justified	  in	  the	  next	  section.	  Once	   repositioning	   is	   taken	   into	   account,	   the	   total	   requests	   and	   returns	   that	  happened	   every	   minute	   in	   every	   station	   during	   the	   measurement	   hours	   are	  obtained.	  By	  simply	  adding	  the	  requests	   in	  all	   the	  stations,	   the	  total	  requests	  per	  minute	  in	  the	  system	  are	  obtained.	  If	  the	  requests	  per	  minute	  are	  added	  during	  the	  whole	  measurement	   time,	  and	  divided	  by	   the	   total	  measurement	  hours	   (24),	   the	  average	  hourly	  requests	  (or	  returns)	  can	  be	  obtained.	  If	  this	  result	  is	  divided	  over	  the	   area	   R	   of	   the	   service	   region,	   then	   the	   hourly	   average	   demand	   per	   square	  kilometre	  is	  finally	  obtained.	  Data	  recording	  took	  place	  during	  8	  working	  days	  during	  the	  month	  of	  May	  of	  2014.	  The	   following	   study	  of	   the	  demand	  has	  been	  based	  on	  one	  of	   them	   (Wednesday	  7th)	   considering	   it	   to	   be	   representative	   enough.	   The	   same	   procedure	   could	   be	  applied	  to	  any	  other	  day	  to	  obtain	  similar	  results.	  
1.3 DEFINITION	  OF	  THE	  REPOSITIONING	  THRESHOLD	  It	  has	  been	  stated	  in	  the	  previous	  section	  that	  in	  order	  to	  define	  the	  demand	  of	  the	  system,	  repositioning	  has	  to	  be	  removed.	  To	  do	  that,	  a	  threshold	  has	  to	  be	  defined:	  when	  the	  difference	  in	  the	  number	  of	  bicycles	  from	  one	  minute	  to	  another	  is	  larger	  than	   a	   certain	   number	   in	   one	   particular	   station,	   then	   it	   is	   not	   demand	   but	  repositioning.	  The	  same	  happens	  with	  the	  bicycles	  that	  are	  returned.	  The	  definition	  of	   this	   threshold	  resulted	   in	  one	  of	   the	  most	  critic	  assumptions	   to	  make	  during	  this	  research,	  as	  a	  lot	  of	  data	  depended	  on	  it.	  In	  order	  to	  be	  sure	  to	  make	  a	  good	  assessment	  of	  the	  behavior	  of	  the	  system	  and	  not	  to	  be	  too	  misguided	  in	  the	  assumption,	  four	  aspects	  were	  taken	  into	  account	  in	  order	  to	  justify	  the	  decision	  that	  was	  made:	  -­‐ The	  time	  it	  takes	  to	  grab	  a	  bicycle	  from	  a	  station	  has	  to	  be	  short	  enough	  so	  that	  the	  demand	  by	  definition	  is	  physically	  possible.	  -­‐ The	  probability	  of	  having	  more	  demand	  than	  the	  one	  allowed	  by	  definition	  has	  to	  be	  small	  (i.e.	  less	  than	  5%).	  -­‐ The	   number	   of	   bicycles	   taken	   and	   those	   returned	   in	   repositioning	  operations	   during	   an	   extended	   period	   (e.g.	   a	   day)	   has	   to	   be	   as	   similar	   as	  possible	  (ideally	  equal).	  -­‐ The	  times	  a	  station	  is	  visited	  to	  carry	  out	  repositioning	  operations	  have	  to	  be	  reasonable	  and	  feasible.	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An	   assessment	   of	   the	   measured	   data	   together	   with	   personal	   knowledge	   and	  experience	  led	  to	  a	  first	  definition	  of	  reposition	  as	  follows:	  all	  changes	  in	  4	  or	  more	  units	   in	   one	   minute	   and	   in	   a	   station	   will	   be	   considered	   as	   repositioning.	   For	  returns,	  a	  limit	  of	  3	  or	  more	  units	  was	  defined.	  After	   this	   first	   attempt	   at	   describing	   repositioning,	   the	   four	   aspects	   mentioned	  above	  were	  verified.	  The	  limiting	  time	  that	  determines	  how	  many	  bicycles	  can	  be	  taken	  in	  a	  minute	  was	  measured.	  This	  time	  corresponds	  to	  the	  time	  it	  takes	  for	  the	  machine	  to	  reset	  after	  assigning	  a	  bicycle	  to	  a	  user.	  It	  takes	  7	  seconds,	  which	  means	  that	  in	  case	  there	  was	  a	  long	  queue	  in	  a	  station,	  the	  maximum	  served	  users	  in	  a	  minute	  would	  be	  8.	  This	  is	   larger	  than	  the	  definition	  of	  repositioning,	  so	  the	  allowed	  demand	  (up	  to	  three	  requests	  in	  a	  minute)	  is	  feasible.	  As	   for	   the	  probability,	  a	  Poisson	  distribution	  has	  been	  used,	   considering	   that	   the	  studied	   data	   are	   independent	   Bernoulli	   trials	   in	   continuous	   time.	   Thus,	   the	  complementary	  of	  the	  cumulative	  distribution	  is	  used	  to	  calculate	  the	  probability	  of	  having	  4	  or	  more	  requests	  given	  a	  certain	  average	  demand.	  In	  order	  to	  be	  in	  the	  conservative	  side,	  the	  peak	  demand	  (in	  15	  minutes)	  will	  be	  used	  as	  the	  Poisson’s	  parameter.	   Not	   only	   that,	   but	   instead	   of	   using	   the	   average	   peak	   demand	   of	   the	  system,	   the	  highest	  peak	  demand	  amongst	  all	   the	  stations	   is	  considered.	  Besides,	  this	  peak	  demand	  is	  obtained	  by	  considering	  all	  movements	  in	  the	  system,	  without	  separating	  those	  that	  could	  be	  repositioning.	  The	  only	  limiting	  factor	  applied	  is	  the	  one	  found	  above,	  so	  the	  maximum	  number	  of	  accepted	  requests	  is	  8	  in	  a	  minute.	  With	  these	  considerations,	  the	  results	  that	  have	  been	  found	  are	  shown	  in	  Table	  1,	  in	  which	  it	  is	  possible	  to	  verify	  how	  the	  probability	  of	  having	  more	  requests	  than	  those	  chosen	  as	  limits	  is	  smaller	  than	  5%,	  but	  for	  requests	  it	  is	  much	  higher.	  




Probability	  of	  having	  
more	  events	  than	  the	  
limit	  
Requests	   1,2	   4	   3,4%	  
Returns	   1,13	   3	   10,6%	  
Table	  1	  Results	  of	  the	  verification	  of	  the	  repositioning	  estimation	  Before	  drawing	   any	   conclusions	  on	   the	   suitability	   of	   the	   limits	   for	   repositioning,	  let’s	  study	  the	  total	  number	  of	  bicycles	  moved.	  The	   total	  number	  of	   bicycles	  moved	  will	   be	   in	   fact	   the	  determining	   factor	  of	   the	  definition	  of	  these	  limits.	  As	  stated	  before,	  the	  bicycles	  taken	  from	  the	  stations	  and	  those	   returned	   have	   to	   be,	   in	   total,	   as	  most	   similar	   as	   possible,	  which	   is	   proved	  with	  cumulative	  curves.	  What	  is	  shown	  in	  Figure	  1	  is	  that,	  in	  fact,	  those	  limits	  that	  make	  takes	  and	  returns	  as	  equal	  as	  possible	  are	  5	  for	  takes	  and	  3	  for	  returns.	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However,	  a	  condition	  of	  the	  cumulative	  curves	  is	  that	  arrivals	  always	  are	  equal	  or	  higher	  than	  returns.	  If	  a	  closer	  look	  is	  taken	  at	  the	  curves	  for	  5	  and	  3,	  it	  is	  possible	  to	   see	   how	   half	   of	   the	   time	   returns	   are	   higher	   than	   takes.	   This	   would	   need	   an	  important	  correction	  so	  that	  the	  condition	  is	  fulfilled,	  which	  reduces	  the	  viability	  of	  the	  solution.	  The	  second	  best	  option,	  needing	  a	  much	  smaller	   correction,	  are	   the	  limits	  defined	  by	  4	  takes	  and	  3	  returns,	  which	  are	  the	  ones	  previously	  chosen.	  As	  a	  reminder,	   though,	   results	   shown	   in	  Table	  1	   suggest	   that	  maybe	  a	  higher	   limit	   to	  returns	  should	  be	  defined	  so	  as	  to	  take	  into	  account	  higher	  peaks	  of	  demand,	  but	  they	  are	  not	  suitable	  at	  all,	  as	  the	  difference	  between	  the	  bicycles	  taken	  and	  those	  returned	   is	   too	  high	   (more	   than	  1000	  units	  at	   the	  end	  of	   the	  day).	  These	   results	  suggest	   that	   returns	   are	   concentrated	   only	   in	   a	   few	   stations	   in	   which	   demand	  would	  be	  underestimated	  with	  this	  definition	  of	  repositioning.	  An	   in-­‐depth	  study	  of	   the	   demand	   shows	   that	   only	   4	   stations	   experience	   return	   rates	   higher	   than	  0,907,	   and	   the	   next	   highest	   value	   is	   0,68	   returns	   per	  minute.	   The	   probability	   of	  having	  more	  than	  3	  returns	   in	  a	  minute	  given	  this	  maximum	  peak	  rate	   is	  now	  of	  3,2%,	  smaller	  than	  5%.	  	  
	  
Figure	  1	  Comparative	  of	  the	  cumulative	  number	  of	  rebalancing	  operations	  for	  different	  
limits	  Regarding	   the	   maximum	   number	   of	   times	   stations	   are	   visited	   by	   repositioning	  teams,	  18	  in	  this	  case,	  it	  can	  be	  said	  that	  it	  is	  not	  the	  optimal	  result	  to	  get.	  Indeed,	  if	  a	  station	  is	  visited	  a	  maximum	  of	  18	  times	  in	  a	  day	  it	  means	  that,	  as	  an	  average,	  it	  is	  visited	   every	   1hour	   and	   20	   minutes,	   which	   is	   pretty	   often.	   Despite	   this	  inconvenience,	   it	   has	   to	   be	   admitted	   that	   it	   could	   be	   possible	   as	   it	   is	   physically	  feasible	  in	  time.	  Figure	  2	  shows	  the	  cumulative	  percentage	  of	  stations	  visited	  from	  once	  up	  to	  eighteen	  times.	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Figure	  2	  Cumulative	  percentage	  of	  stations	  visited	  After	  verifying	  the	  key	  aspects	  of	  the	  repositioning	  it	  can	  be	  said	  that	  repositioning	  is	  well	  defined.	  
1.4 NORMALIZED	  DEMAND	  PROFILE	  Once	   repositioning	   is	   removed	   from	   the	   measurements,	   the	   average	   demand	   is	  calculated	  as	  explained	  in	  1.2.	  More	  specifically,	  the	  sum	  of	  the	  requests	  in	  all	  the	  stations	  and	  during	  the	  measurement	  hours	  is	  divided	  over	  the	  total	  service	  area	  (49	   km2)	   and	   the	   number	   of	   opening	   hours	   in	   a	   day,	   considered	   to	   be	   24h	   for	  homogeneity	   with	   other	   parameters.	   These	   operations	   lead	   to	   an	   average	   daily	  demand	  of	  36,52	  trips/h/km2.	  If	   the	   requests	   each	   minute	   in	   the	   whole	   system	   are	   transformed	   to	   units	   of	  trips/h/km2	   and	   then	   divided	   by	   the	   average	   demand,	   the	   normalized	   demand	  profile	  is	  obtained	  (Figure	  3).	  All	   the	   research	  has	  been	  made	  with	   the	  data	  obtained	   in	  one	  day,	   but	   it	   can	  be	  seen	   in	   Figure	   4,	   where	   the	   mobile	   10	  minute	   average	   is	   represented,	   how	   the	  shape	  and	  the	  magnitude	  of	  the	  demand	  in	  one	  day	  are	  representative	  enough	  of	  the	  whole	  pattern	  throughout	  different	  days	  of	  the	  month	  of	  May.	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Figure	  3	  Normalized	  demand	  profile	  for	  the	  7th	  May	  2014	  
	  
Figure	  4	  Demand	  profile	  of	  all	  the	  measurement	  days	  
1.5 FUNCTION	  OF	  THE	  PEAK	  DEMAND	  This	   function	   is	   calculated	   in	   order	   to	   obtain	   the	   average	   demand	   for	   different	  periods	  of	  time.	  When	  the	  considered	  period	  of	  time	  is	  small	  in	  comparison	  of	  the	  24	  hours	  of	  a	  day,	  this	  average	  is	  considered	  to	  be	  an	  average	  of	  the	  peak	  demand.	  When	  the	  period	  of	  time	  is	  near	  the	  24	  hours,	  the	  average	  demand	  corresponds	  to	  the	  average	  demand	  in	  a	  day	  calculated	  in	  this	  appendix.	  The	  methodology	  used	  in	  order	  to	  obtain	  this	  function	  is	  the	  one	  that	  follows:	  first	  of	  all,	  the	  minute	  with	  highest	  demand	  is	  found	  and	  its	  value	  is	  stored.	  Afterwards,	  the	  two	  consecutive	  minutes	  with	  the	  highest	  average	  demand	  are	  found	  and	  the	  value	  is	  stored.	  Then,	  the	  same	  procedure	  with	  the	  three	  consecutive	  minutes	  with	  the	  highest	  average	  demand,	  and	  so	  on	  and	  so	  forth	  until	  all	  the	  minutes	  of	  a	  day	  are	  considered.	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The	  values	  of	  the	  average	  stored	  at	  each	  step	  define	  a	  curve	  that	  is	  called	  function	  of	  peak	  demand.	  Once	   the	   curve	   defined,	   it	   is	   possible	   to	   know	   the	   average	   demand	   that	  corresponds	  to	  a	  certain	  period	  of	  time.	  In	  this	  case,	  the	  average	  peak	  demand	  that	  is	   interesting	   and	   useful	   is	   for	   a	   period	   of	   time	   of	   15	  minutes,	   not	   far	   from	   the	  average	   travelling	   time	   in	   the	  system,	  and	  of	  30	  and	  45	  minutes.	  The	  demand	  of	  each	  period	  is	  indicated	  in	  Figure	  5.	  The	  last	  value	  of	  the	  curve	  corresponds	  to	  the	  average	  daily	  demand.	  
	  
Figure	  5	  Function	  of	  Peak	  Demand	  for	  the	  7th	  May	  2014	  The	  function	  of	  peak	  demand	  obtained	  is	  not	  strictly	  decreasing	  because	  demand	  has	   several	   peaks,	   as	   seen	   in	   Figure	   3.	   This	  means	   that	   the	   function	   can	   slightly	  increase	  when	  increasing	  the	  time	  frame	  if	  more	  than	  one	  peak	  fit	  in	  this	  period	  of	  time.	  
1.6 N-­‐T	  CURVES	  A	  very	  interesting	  way	  to	  study	  the	  sort	  of	  data	  treated	  in	  this	  research	  is	  plotting	  N-­‐t	  curves.	  These	  graphics	  show	  the	  cumulative	  operations	  along	  a	  day	  as	  if	  it	  were	  a	  queuing	   system.	  This	  will	   not	  only	   clarify	   the	  understanding	  of	   the	   system	  but	  will	   also	   allow	   visualizing	   other	   interesting	   information.	   The	   next	   sections	   will	  focus	  on	  the	  description	  of	  these	  figures	  both	  for	  repositioning	  operations	  and	  for	  demand.	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1.6.1 Repositioning	  a) N-­‐t	  curve	  
	  
Figure	  6	  Cumulative	  repositioning	  operations	  So	  that	  the	  condition	  that	  says	  that	  the	  taken	  bicycles	  have	  to	  be	  always	  larger	  that	  those	  returned	  at	  a	  certain	  time	  is	  fulfilled,	  a	  correcting	  factor	  has	  to	  be	  applied	  to	  the	  curves	   in	  Figure	  6.	  Taking	  a	  close	   look	  at	   the	   initial	   time	   it	   is	  possible	   to	  see	  that	  a	  certain	  initial	  accumulation	  has	  to	  be	  considered.	  This	  means	  that	  when	  the	  system	  closes	  at	  night,	  there	  are	  some	  bicycles	  being	  repositioned.	  The	  fact	  that	  the	  curves	  end	  separately	  reaffirms	  this	  assumption.	  Another	   interesting	   fact	   that	   can	   be	   obtained	   from	   Figure	   6	   is	   the	   repositioning	  rate,	  given	  by	  the	  slope	  of	  the	  curves.	  As	  expected,	  repositioning	  slows	  down	  a	  bit	  at	   the	  end	  of	   the	  night	  and	  restarts	  after	   the	  morning	  rush	  hour	  at	  an	   important	  rate.	  The	  same	  happens	  during	  midday	  and	  after	  the	  afternoon	  rush	  hour.	  So	   as	   to	   be	   able	   to	   perceive	   how	   apart	   the	   curves	   are,	   an	   oblique	   plot	   can	   be	  constructed.	  At	  each	  instant	  of	  time,	  a	  constant	  b	  multiplied	  times	  the	  time	  itself	  is	  subtracted	  to	  the	  data.	  The	  constant	  in	  this	  case	  is	  the	  average	  repositioning	  rate	  during	  the	  whole	  day.	  The	  result	  of	  this	  arrangement	  is	  shown	  in	  Figure	  7.	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Figure	  7	  Cumulative	  repositioning	  operations	  -­‐	  oblique	  axis	  	   b) Bicycles	  in	  vans	  The	  vertical	  difference	  between	  the	  two	  curves	  tells	  how	  many	  bicycles	  are	  there	  in	  the	  repositioning	  van	  at	  each	  time.	  It	   is	  observed	  in	  Figure	  8	  how	  the	  period	  with	  more	  bicycles	  in	  the	  repositioning	  van	  coincides	  with	  the	  period	  at	  which	  the	  repositioning	  rate	  is	  high,	  meaning	  that	  not	  only	   it	   is	  happening	   fast,	  but	  also	  more	   teams	  are	  working	  at	   the	  same	   time.	  The	   number	   of	   bicycles	   being	   moved	   decreases	   along	   the	   day	   and	   then	   starts	  increasing	   again	   during	   nighttime,	   when	   lots	   of	   operations	   are	   happening	   to	  relocate	  the	  system	  to	  its	  initial	  state.	  
	  
Figure	  8	  Number	  of	  bicycles	  in	  repositioning	  vans	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c) Time	  of	  repositioning	  operations	  Figures	  Figure	  9	  and	  Figure	  10	  show	  both	  the	  time	  series	  and	  the	  histogram	  of	  the	  average	   time	   bicycles	   spend	   in	   the	   repositioning	   van.	   The	   average	   value,	   106,5	  minutes,	  gives	  an	  idea	  of	  how	  long	  repositioning	  operations	  last	  each	  time	  they	  are	  carried	  out.	  
	  
Figure	  9	  Average	  time	  spent	  in	  the	  repositioning	  vans	  
	  
Figure	  10	  Histogram	  of	  the	  average	  time	  spent	  in	  the	  repositioning	  time	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1.6.2 Service	  a) N-­‐t	  curve	  
	  
Figure	  11	  Cumulative	  number	  of	  requests	  and	  returns	  The	   comments	   that	   can	   be	   made	   concerning	   the	   service	   of	   the	   Bicing	   are	   very	  similar	   to	   those	   made	   for	   the	   repositioning.	   In	   this	   case,	   a	   correction	   was	   also	  needed	   so	   that	   requests	   were	   always	   higher	   than	   returns.	   This	   correction	   is	  apparently	  smaller	  in	  this	  case	  but	  it	  is	  only	  due	  to	  scale	  effects.	  The	   rush	   hour	   is	   again	   clearly	   identifiable	   as	   the	   period	   with	   larger	   slope.	   The	  closing	  period	  is	  also	  appreciated	  in	  the	  first	  5	  hours	  of	  the	  plot,	  as	  the	  two	  curves	  are	  almost	  touching	  each	  other	  and	  the	  slope	  is	  near	  zero.	  At	  the	  end	  of	  the	  day	  the	  two	  curves	  start	  to	  get	  closer	  as	  the	  closing	  hour	  approaches.	  In	   this	   case,	   as	   the	   two	   curves	   are	   very	   close	   to	   each	   other,	   the	   plot	   with	   the	  oblique	  axis	  will	  be	  very	  useful.	  
	  
Figure	  12	  Cumulative	  number	  of	  requests	  and	  returns	  -­‐	  oblique	  axis	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b) Bicycles	  in	  service	  The	  vertical	  difference	  between	   the	   curves	   indicates	   the	  number	  of	  bicycles	   that	  are	  in	  use	  during	  the	  day	  (Figure	  13).	  It	  is	  very	  interesting	  to	  see	  how	  the	  number	  of	  bicycles	  in	  use	  is	  consistent	  with	  the	  demand	  profile	   in	   Figure	  3.	   Indeed,	   during	   the	   rush	  hour	   in	   the	  morning	   almost	  1400	  bicycles	  are	  being	  used	  and,	  again,	  in	  the	  evening,	  the	  number	  of	  bicycles	  in	  service	   increases.	   This	   correlation	   proves	   that	   the	   definition	   of	   demand	   and	  repositioning	  is	  a	  good	  estimate	  of	  what	  happens	  in	  reality.	  
	  
Figure	  13	  Bicycles	  in	  service	  c) Time	  of	  service	  The	  time	  series	  of	  the	  time	  of	  series	  and	  the	  histogram	  are	  very	  interesting	  plots	  to	  comment.	  As	  far	  as	  the	  time	  series	  is	  concerned,	  one	  should	  expect	  a	  more	  or	  less	  constant	  curve,	  as	  the	  motive	  of	  most	  trips	  is	  the	  same	  all	  day	  long:	  intermodality	  or	  trips	  that	  fit	  into	  the	  30	  minutes	  free	  ride.	  As	  seen	  in	  Figure	  14,	  expectations	  are	  fulfilled	  except	  for	  the	  first	  3	  or	  4	  hours,	  where	  in	  fact	  the	  Bicing	  system	  is	  closed	  and	  only	  returns	  should	  be	  occurring.	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Figure	  14	  Time	  series	  of	  the	  average	  riding	  time	  If	   these	   measurement	   errors	   are	   removed	   from	   the	   data,	   then	   Figure	   15	   is	  obtained.	  
	  
Figure	  15	  Average	  riding	  time	  	  The	  histogram	  will	  allow	  seeing	  the	  distribution	  of	   the	  different	  riding	  times	  and	  better	  understand	  the	  average,	  of	  value	  22,7	  minutes	  and	  calculated	  from	  the	  data	  in	  Figure	  15.	  In	  the	  histogram	  it	  is	  also	  easy	  to	  see	  how	  most	  values	  are	  around	  20	  minutes	  and	  little	  of	  them	  are	  dispersed.	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The	   average	   riding	   time	   estimated	   from	   real	   users	   is	   16,3	   minutes	   and	   that	  obtained	  from	  the	  Bicing’s	  site	  is	  13,4.	  There	  is	  some	  disparity	  in	  these	  values,	  but	  it	  has	  been	  seen	  during	  all	  the	  research	  how	  the	  value	  in	  Bicing’s	  site	  changes	  with	  time,	  constantly	  varying.	  This	   indicates	  either	  that	   the	  riding	  time	  presents	  some	  seasonality	  or	  that	  it	  is	  not	  a	  very	  constant	  variable.	  	  
	  
Figure	  16	  Histogram	  of	  the	  average	  riding	  time	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APPENDIX	  2:	  ANALYTICAL	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  The	  focus	  of	  this	  section	  is	  to	  analyse	  the	  modelling	  of	  the	  system	  in	  order	  to	  find	  out	   if	   there	   are	   some	   economies	   of	   scale	   and	   assess	   their	   impact.	   To	   do	   so,	   a	  simplified	  analytical	  optimisation	  has	  been	  carried	  out	  to	  find	  the	  expression	  of	  the	  optimal	  decision	  variables.	  Once	   the	  expressions	   found,	   they	  can	  be	  plugged	   into	  the	  general	  cost	  function	  to	  study	  the	  presence	  of	  economies	  of	  scale.	  
1.1 ANALYTICAL	  OPTIMISATION	  As	   a	   reminder,	   the	   five	   components	   of	   the	   general	   cost	   function	   are	   presented	  below,	  together	  with	  the	  expression	  of	  those	  parameters	  that	  depend	  on	  the	  DVs.	  The	  general	  cost	  function	  is	  obtained	  with	  the	  sum	  of	  all	  five	  components.	  𝐼𝐶 = 𝛾 · 𝜉 · 𝜆 · 𝑅 · 𝜏! + 𝐹!! 1− 𝑷 · 𝜆 · 𝑅 · 𝜏! + 𝑅 · 𝜆! · 𝑃 𝛼 · 𝒉2                               + 𝐹!! 1− 𝑷 · 𝑅 · 2 · 𝜆! · 𝒉 · 𝚲+ 𝒌 · 𝚲 · 𝐅 · R · 𝐡𝑹 − 14 	  𝑂𝐶 = 𝛾! · 𝜆 · 𝑅	  𝑅𝐶 = 𝐶! 1.1 · 𝚲𝑹𝒉 + 𝑅 · 𝜆! · 𝑃 𝛼𝐾 · 23 · 𝑅 · 𝑅𝑣!+ 𝑅 · 2 · 𝜆! · 𝒉 · 𝚲+ 𝑅 · 𝜆! · 𝑃 𝛼 · 𝒉2 · 2 · 𝛿𝒉 	  𝐴𝐶 = 0,5 · 𝛽 · 𝜆 · 𝑅𝑣! · 𝚲 	  𝑁𝑆𝑃 = 𝑃 · 𝛽!"#$  !"#$ · 𝜆 · 𝑅𝚲 · 1𝑣! + 1𝑣! 	  where	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ℎ! = 1𝑛!∗!!! · 𝒉  ;       𝑤𝑖𝑡ℎ        𝑛∗ = 1+ 4 · 𝑭 · 𝚲 · 𝑅 − 12       𝑎𝑛𝑑        𝐹 = 𝒌 · 𝚲2 · 𝜆! · 𝑃 𝛼 · 𝒉	  
Λ! = 𝑷𝑹 · 𝚲  ;           𝑤𝑖𝑡ℎ          P! = 1− 2 · 𝑷− 1− 1𝑛!∗!!!
!! · 𝑭	  
The	  optimisation	  will	  be	  carried	  out	  in	  four	  steps.	  At	  each	  one	  of	  them,	  one	  of	  the	  DVs	  will	  be	  optimised	  and	   the	  others	  will	  be	  considered	  as	  constant	  parameters.	  The	  expression	  found	  for	  each	  variable	  will	  be	  plugged	  into	  the	  equation	  so	  that	  it	  is	  taken	  into	  account	  in	  the	  following	  steps.	  At	  the	  beginning	  of	  each	  step	  there	  will	  be	  a	  list	  of	  the	  assumptions	  used	  to	  simplify	  the	  process.	  1) Optimisation	  for	  k	  
Assumptions	  
• 𝒉𝑹 ≠ 𝒇(𝒌)	  
• 𝚲𝑹 ≠ 𝒇 𝒌 ,     𝚲𝑹 = 𝟏− 𝟐 · 𝑷− 𝟎,𝟔𝟒𝟔𝟓 · 𝚲·𝐤𝟐·𝝀𝒉·𝑷 𝜶 ·𝒉 · 𝚲  ,	  where	  0,6465	  is	  the	  portion	   of	   stations	   within	   F	   that	   are	   not	   visited	   every	   h	   in	   the	   optimal	  system	  obtained	  with	  the	  numerical	  optimisation	  (see	  section	  5	  for	  further	  information).	  𝜕𝐼𝐶𝜕𝑘 ≡ 𝜕𝜕𝑘 𝛾 · 𝜉 · 𝑘! · Λ! · 𝑅 · ℎ! − 18 · 𝜆! · 𝑃 𝛼 · ℎ = 2 · 𝛾 · 𝜉 · 𝑘 · Λ! · 𝑅 · ℎ! − 18 · 𝜆! · 𝑃 𝛼 · ℎ 	  𝜕𝑂𝐶𝜕𝑘 = 𝜕𝜕𝑘 𝛾! · 𝜆 · 𝑅 = 0	  𝜕𝑅𝐶𝜕𝑘 ≡ 𝜕𝜕𝑘 𝐶! · 𝑅𝑣! · 1,1ℎ · Λ · 1− 2 · 𝑃 − 0,6465 · Λ𝟐 · 𝜆! · 𝑃 𝛼 · ℎ · 𝑘
= 12 · 𝐶! · 𝑅𝑣! · 1,1ℎ · Λ · 1− 2 · 𝑃 − 0,6465 · Λ𝟐 · 𝜆! · 𝑃 𝛼 · ℎ · 𝑘 !!!· − 0,6465 · Λ𝟐 · 𝜆! · 𝑃 𝛼 · ℎ 	  𝜕𝐴𝐶𝜕𝑘 = 𝜕𝜕𝑘 0,5 · 𝛽 · 𝜆 · 𝑅𝑣! · Λ = 0	  𝜕𝑁𝑆𝑃𝜕𝑘 = 𝜕𝜕𝑘 𝑃 · 𝛽!"#$  !"#$ · 𝜆 · 𝑅Λ · 1𝑣! + 1𝑣! = 0	  
	   iii	  
→   𝜕𝐿𝐶𝐹𝜕𝑘 = 2 · 𝛾 · 𝜉 · 𝒌 · Λ! · 𝑅 · ℎ! − 18 · 𝜆! · 𝑃 𝛼 · ℎ + 12 · 𝐶! · 𝑅𝑣! · 1,1ℎ · Λ· 1− 2 · 𝑃 − 0,6465 · Λ𝟐 · 𝜆! · 𝑃 𝛼 · ℎ · 𝒌 !!! · − 0,6465 · Λ𝟐 · 𝜆! · 𝑃 𝛼 · ℎ = 0	  In	   order	   to	   find	   a	   simple	   expression	   for	  𝑘∗ ,	   those	   terms	   that	   are	   small	   are	  neglected.	  Then:	  2 · 𝛾 · 𝜉 · 𝒌 · Λ! · 𝑅 · ℎ! − 18 · 𝜆! · 𝑃 𝛼 · ℎ + 12 · 𝐶! · 𝑅𝑣! · 1,1ℎ · Λ· 1− 2 · 𝑃 − 0,6465 · Λ𝟐 · 𝜆! · 𝑃 𝛼 · ℎ · 𝒌 !!! · − 0,6465 · Λ𝟐 · 𝜆! · 𝑃 𝛼 · ℎ = 0	  
→ 𝑘∗ ≈ 12 · 𝐶! · 𝑅𝑣! · 1,1ℎ · Λ · 0,6465 · Λ𝟐 · 𝜆! · 𝑃 𝛼 · ℎ2 · 𝛾 · 𝜉 · Λ! · 𝑅 · ℎ! − 18 · 𝜆! · 𝑃 𝛼 · ℎ         	  𝒌∗   ≈ 𝟏,𝟒𝟒𝟐𝟑 · 𝑪𝒕𝚲 · 𝒉 · 𝒉𝑹 − 𝟏 · 𝜸 · 𝝃 · 𝒗𝒌	  
Equation	  1	  2) Optimisation	  for	  P	  
Assumptions	  
• 𝑭!𝟏 𝟏− 𝑷 ≈ −𝐥𝐧  (𝑷𝟎,𝟓𝟓)	  
• 𝚲𝑹 ≠ 𝒇 𝒌 ,     𝚲𝑹 = 𝟏− 𝟐 · 𝑷− 𝟎,𝟔𝟒𝟔𝟓 · 𝚲·𝐤𝟐·𝝀𝒉·𝑷 𝜶 ·𝒉 · 𝚲  ,	  where	  0,6465	  is	  the	  portion	   of	   stations	   within	   F	   that	   are	   not	   visited	   every	   h	   in	   the	   optimal	  system	  obtained	  with	  the	  numerical	  optimisation	  (see	  section	  5	  for	  further	  information).	  𝜕𝐼𝐶𝜕𝑃 = 𝜕𝜕𝑃 𝛾 · 𝜉 · 𝜆 · 𝑅 · 𝜏! · − ln𝑷!,!! + 𝑅 · 2 · 𝜆! · ℎ · Λ · − ln𝑃!,!!= −𝛾 · 𝜉· 𝜆 · 𝑅 · 𝜏! · 0,55 · 𝑷!!,!"𝑃!,!! + 𝑅 · 2 · 𝜆! · ℎ · Λ · 0,55 · 𝑷!!,!"𝑃!,!!= −𝛾 · 𝜉 · 0,55 · 𝜆 · 𝑅 · 𝜏! + 0,55 · 𝑅 · 2 · 𝜆! · ℎ · Λ𝑷 	  
𝜕𝑂𝐶𝜕𝑃 = 𝜕𝜕𝑃 𝛾! · 𝜆 · 𝑅 = 0	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𝜕𝑅𝐶𝜕𝑃 ≡ 𝜕𝜕𝑃 · 𝐶! · 𝑅𝑣! · 1,1 · Λℎ · 𝟏− 𝟐 · 𝑷− 𝟎,𝟔𝟒𝟔𝟓 · 𝚲 · k𝟐 · 𝜆! · 𝑃 𝛼 · ℎ= −𝐶! · 𝑅𝑣! · 1,1 · Λℎ · 𝟏− 𝟐 · 𝑷− 𝟎,𝟔𝟒𝟔𝟓 · 𝚲 · k𝟐 · 𝜆! · 𝑃 𝛼 · ℎ !!/!	  𝜕𝐴𝐶𝜕𝑃 = 𝜕𝜕𝑃 0,5 · 𝛽 · 𝜆 · 𝑅𝑣! · Λ = 0	  𝜕𝑁𝑆𝑃𝜕𝑃 = 𝜕𝜕𝑃 𝑷 · 𝛽!"#$  !"#$ · 𝜆 · 𝑅Λ · 1𝑣! + 1𝑣! = 𝛽!"#$  !"#$ · 𝜆 · 𝑅Λ · 1𝑣! + 1𝑣! 	  
→   𝜕𝐿𝐶𝐹𝜕𝑃 = −𝛾 · 𝜉 · 0,55 · 𝜆 · 𝑅 · 𝜏! + 0,55 · 𝑅 · 2 · 𝜆! · ℎ · Λ𝑷 − 𝐶! · 𝑅𝑣! · 1,1 · Λℎ· 𝟏− 𝟐 · 𝑷− 𝟎,𝟔𝟒𝟔𝟓 · 𝚲 · k𝟐 · 𝜆! · 𝑃 𝛼 · ℎ !!! + 𝛽!"#$  !"#$ · 𝜆 · 𝑅Λ· 1𝑣! + 1𝑣! = 0	  Neglecting	  small	  terms,	  −𝛾 · 𝜉 · 0,55 · 𝜆 · 𝑅 · 𝜏! + 0,55 · 𝑅 · 2 · 𝜆! · ℎ · Λ𝑷 − 𝐶! · 𝑅𝑣! · 1,1 · Λℎ· 𝟏− 𝟐 · 𝑷− 𝟎,𝟔𝟒𝟔𝟓 · 𝚲 · k𝟐 · 𝜆! · 𝑃 𝛼 · ℎ !!! + 𝛽!"#$  !"#$ · 𝜆 · 𝑅Λ· 1𝑣! + 1𝑣! = 0	  𝑃∗ ≈ 𝛾 · 𝜉 · 0,55 · 𝜆 · 𝑅 · 𝜏! + 0,55 · 𝑅 · 2 · 𝜆! · ℎ · Λ−𝐶! · 𝑅𝑣! · 1,1 · Λℎ + 𝛽!"#$  !"#$ · 𝜆 · 𝑅Λ · 1𝑣! + 1𝑣! 	  As	   the	   previous	   equation	   is	   still	   complex	   for	   further	   operations,	   it	   is	   again	  simplified	  by	  eliminating	  those	  terms	  that	  are	  small	  enough:	  	   𝑷∗ ≈ 𝜸 · 𝝃 · 𝟎,𝟓𝟓 · 𝚲 · 𝟐 · 𝝀𝒉 · 𝒉𝜷𝒕𝒊𝒎𝒆  𝒍𝒐𝒔𝒕 · 𝝀 · 𝟏𝒗𝒘 + 𝟏𝒗𝒄 	  
Equation	  2	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3) Optimisation	  for	  h	  
Assumptions	  
• 𝝀𝒉 ≠ 𝒇 𝒉 ;   𝝀𝒉 = 𝒄𝒕𝒂𝒏𝒕 = 𝟔𝟐  𝒕𝒓𝒊𝒑𝒔/𝒉/𝒌𝒎𝟐 ,	   value	   corresponding	   to	   the	  repositioning	  period	  of	  the	  optimal	  system	  (𝒉 = 𝟑,𝟏𝟖  𝒉).	  
• 𝒉𝑹 = 𝒄𝒕𝒂𝒏𝒕 ≈ 𝟐,𝟖𝒉	  ,	   from	   the	   ratio	   between	   h	   and	   hR	   in	   the	   optimal	  system	  
• 𝚲𝑹 = 𝒄𝒕𝒂𝒏𝒕 = 𝟑𝟑,𝟔𝟏  𝒔𝒕𝒂𝒕𝒊𝒐𝒏𝒔/𝒌𝒎𝟐,	   value	   corresponding	   to	   the	   optimal	  system	  
• 𝑷∗ ≠ 𝒇 𝒉 .	  For	  simplicity,	  the	  notation	  for	  P	  will	  be	  maintained	  though	  in	  this	  section	  it	  will	  not	  represent	  the	  full	  expression	  for	  P	  but	  𝑷 ≡ 𝑷! ≈ 𝜸 · 𝝃 · 𝟎,𝟓𝟓 · 𝚲 · 𝟐 · 𝝀𝒉𝜷𝒕𝒊𝒎𝒆  𝒍𝒐𝒔𝒕 · 𝝀 · 𝟏𝒗𝒘 + 𝟏𝒗𝒄 	  𝜕𝐼𝐶𝜕ℎ ≡ 𝜕𝜕ℎ 𝛾𝜉 · 𝑅 · 𝜆! · 𝑃 𝛼2 · 𝒉+ 𝐹!! 1− 𝑃 · 𝑅 · 2 · 𝜆! · 𝒉 · Λ− 𝑘! · Λ! · 𝑅8 · 𝜆! · 𝑃 𝛼 · 𝒉= 𝛾𝜉 𝑅 · 𝜆! · 𝑃 𝛼2 + 12 · 𝐹!! 1− 𝑃 · 𝑅 · 2 · 𝜆! · Λ · 𝒉!!/!+ 𝑘! · Λ! · 𝑅8 · 𝜆! · 𝑃 𝛼 · 𝒉𝟐 	  
𝜕𝑂𝐶𝜕ℎ = 𝜕𝜕ℎ 𝛾! · 𝜆 · 𝑅 = 0	  𝜕𝑅𝐶𝜕ℎ ≡ 𝜕𝜕ℎ · 𝐶! · 1,1 · Λ!𝒉 · 𝑅𝑣! + 𝐶! · 𝑅 · 2 · 𝜆! · Λ𝒉 · 2 · 𝛿= −𝐶! · 1,1 · Λ!𝒉𝟐 · 𝑅𝑣! − 12 · 𝐶! · 𝑅 · 2 · 𝜆! · Λℎ!/! · 2 · 𝛿	  𝜕𝐴𝐶𝜕ℎ = 𝜕𝜕ℎ 0,5 · 𝛽 · 𝜆 · 𝑅𝑣! · Λ = 0	  𝜕𝑁𝑆𝑃𝜕ℎ = 𝜕𝜕ℎ 𝑃 · 𝛽!"#$  !"#$ · 𝜆 · 𝑅Λ · 1𝑣! + 1𝑣! = 0	  → 𝜕𝐿𝐶𝐹𝜕ℎ = 𝛾𝜉 · 𝑅 · 𝜆! · 𝑃 𝛼2 + 12 · 𝐹!! 1− 𝑃 · 𝑅 · 2 · 𝜆! · Λ · 𝒉!!/!+ 𝑘! · Λ! · 𝑅8 · 𝜆! · 𝑃 𝛼 · 𝒉𝟐 − 𝐶! 1,1 · Λ!𝒉𝟐 · 𝑅𝑣! − 12 · 𝐶! · 𝑅 · 2 · 𝜆! · Λℎ!/! · 2𝛿	  Neglecting	  the	  terms	  that	  are	  small	  enough,	  
	   vi	  
𝛾𝜉 · 𝑅 · 𝜆! · 𝑃 𝛼2 + 12 · 𝐹!! 1− 𝑃 · 𝑅 · 2 · 𝜆! · Λ · 𝒉!!! + 𝑘! · Λ! · 𝑅8 · 𝜆! · 𝑃 𝛼 · 𝒉𝟐− 𝐶! 1,1 · Λ!𝒉𝟐 · 𝑅𝑣! − 12 · 𝐶! · 𝑅 · 2 · 𝜆! · Λℎ!! · 2𝛿 = 0	  → ℎ∗ ≈ 𝐶! · 𝛿 · 𝑅 · 2 · 𝜆! · Λ𝛾 · 𝜉 · 12 · 𝐹!! 1− 𝑃 · 𝑅 · 2 · 𝜆! · Λ      	  𝒉∗ ≈ 𝟐 · 𝑪𝒕 · 𝜹𝜸 · 𝝃 · 𝑭!𝟏 𝟏− 𝑷 	  
Equation	  3	  To	  simplify	  further	  steps,	  it	  has	  been	  considered	  that	  P	  in	  h*	  does	  not	  depend	  on	  Λ	  either.	  4) Optimisation	  for	  Λ	  
Assumptions	  
• 𝒉𝑹 = 𝒄𝒕𝒂𝒏𝒕 ≈ 𝟗	  ,	  from	  the	  value	  corresponding	  to	  the	  optimal	  system	  
• 𝚲𝑹 = 𝟎,𝟖𝟓𝚲  𝒔𝒕𝒂𝒕𝒊𝒐𝒏𝒔/𝒌𝒎𝟐,	  obtained	  from	  the	  ratio	  between	  ΛR	  and	  Λ	  
in	  the	  optimal	  system	  
• 𝑭!𝟏 𝟏− 𝑷 ≈ −𝐥𝐧  (𝑷𝟎,𝟓𝟓)	  ;	  𝐥𝐧 𝑷!! · 𝚲 𝟎,𝟓𝟓 ≈ 𝟏𝟐 · 𝐥𝐧(𝑷!!𝟎,𝟓𝟓)	  	  
• The	  notation	  that	  will	  be	  used	  for	  𝑷∗	  is	  𝑷∗ = 𝑷!! · 𝚲	  where	  𝑷!!	  accounts	  for	  all	  the	  terms	  in	  𝑷∗	  other	  than	  𝚲.	  𝜕𝐼𝐶𝜕Λ ≡ 𝜕𝜕Λ 𝛾𝜉 · 𝐹!! 1− 𝑃!! · 𝚲 · 𝜆 · 𝑅 · 𝜏! + 𝐹!! 1− 𝑃!! · 𝚲 · 𝑅 · 2 · 𝜆! · ℎ · 𝚲+ 𝑘! · Λ! · 𝑅 · (ℎ! − 1)8 · 𝜆! · 𝑃 𝛼 · ℎ 	  Plugging	  Equation	  1	  into	  IC,	  then	  the	  derivative	  is	  as	  follows:	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𝜕𝐼𝐶𝜕Λ ≡ 𝜕𝜕Λ 𝛾𝜉 · 𝐹!! 1− 𝑃!! · 𝚲 · 𝜆 · 𝑅 · 𝜏! + 𝐹!! 1− 𝑃!! · 𝚲 · 𝑅 · 2 · 𝜆! · ℎ · 𝚲
+ 1,4223! · 𝐶!! · Λ · Rℎ! · ℎ! − 1 · 𝛾! · 𝜉! · 𝑣!! · 8 · 𝜆! · 𝑃 𝛼
≈ 𝜕𝜕Λ 𝛾𝜉 − ln 𝑃!! · 𝚲 !,!! · 𝜆 · 𝑅 · 𝜏! − ln 𝑃!! · 𝚲 !,!! · 𝑅
· 2 · 𝜆! · ℎ · 𝚲+ 1,4223! · 𝐶!! · 𝚲 · Rℎ! · ℎ! − 1 · 𝛾! · 𝜉! · 𝑣!! · 8 · 𝜆! · 𝑃 𝛼= −𝛾 · 𝜉 · 𝜆 · 𝑅 · 𝜏! · 0,55𝚲 + 𝛾 · 𝜉 · 𝑅 · 2 · 𝜆! · ℎ· −0,55𝚲 · 𝚲+ 0,5𝚲 · − ln 𝑃!! · 𝚲 !,!!+ 1,4223! · 𝐶!! · Rℎ! · ℎ! − 1 · 𝛾 · 𝜉 · 𝑣!! · 8 · 𝜆! · 𝑃 𝛼 	  𝜕𝑂𝐶𝜕Λ = 𝜕𝜕Λ 𝛾! · 𝜆 · 𝑅 = 0	  𝜕𝑅𝐶𝜕Λ ≡ 𝜕𝜕Λ 𝐶! · 1,1 · 0,85 · 𝑅ℎ · 𝑣! + 𝑅 · 2 · 𝜆! · ℎ · 2 · 𝛿ℎ · 𝚲= 12 · 𝐶! · 1,1 · 0,85 · 𝑅ℎ · 𝑣! + 𝑅 · 2 · 𝜆! · ℎ · 2 · 𝛿ℎ · 𝚲!!/!	  𝜕𝐴𝐶𝜕Λ = 𝜕𝜕Λ 0,5 · 𝛽 · 𝜆 · 𝑅𝑣! · 𝚲 = − 14 · 𝛽 · 𝜆 · 𝑅𝑣! · 𝚲!/!	  𝜕𝑁𝑆𝑃𝜕Λ = 𝜕𝜕Λ 𝑃!! · 𝚲 · 𝛽!"#$  !"#$ · 𝜆 · 𝑅𝚲 · 1𝑣! + 1𝑣!= 12 · 𝑃′′ · 𝛽!"#$  !"#$ · 𝜆 · 𝑅𝚲!/! · 1𝑣! + 1𝑣! 	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→   𝜕𝐿𝐶𝐹𝜕Λ = −𝛾 · 𝜉 · 𝜆 · 𝑅 · 𝜏! · 0,55𝚲 + 𝛾 · 𝜉 · 𝑅 · 2 · 𝜆! · ℎ· −0,55𝚲 · 𝚲+ 0,5𝚲 · − ln 𝑃!! · 𝚲 !,!!+ 1,4223! · 𝐶!! · Rℎ! · ℎ! − 1 · 𝛾 · 𝜉 · 𝑣!! · 8 · 𝜆! · 𝑃 𝛼 + 12 · 𝐶!· 1,1 · 0,85 · 𝑅ℎ · 𝑣! + 𝑅 · 2 · 𝜆! · ℎ · 2 · 𝛿ℎ · 𝚲!!! − 14 · 𝛽 · 𝜆 · 𝑅𝑣! · 𝚲!! + 12 · 𝑃′′· 𝛽!"#$  !"#$ · 𝜆 · 𝑅𝚲!/! · 1𝑣! + 1𝑣! = 0	  As	  in	  previous	  optimisations,	  small	  terms	  are	  neglected.	  Then:	  −𝛾 · 𝜉 · 𝜆 · 𝑅 · 𝜏! · 0,55𝚲 + 𝛾 · 𝜉 · 𝑅 · 2 · 𝜆! · ℎ· −0,55𝚲 · 𝚲+ 0,5𝚲 · − ln 𝑃!! · 𝚲 !,!!+ 1,4223! · 𝐶!! · Rℎ! · ℎ! − 1 · 𝛾 · 𝜉 · 𝑣!! · 8 · 𝜆! · 𝑃 𝛼 + 12 · 𝐶!· 1,1 · 0,85 · 𝑅ℎ · 𝑣! + 𝑅 · 2 · 𝜆! · ℎ · 2 · 𝛿ℎ · 𝚲!!! − 14 · 𝛽 · 𝜆 · 𝑅𝑣! · 𝚲!! + 12 · 𝑃′′· 𝛽!"#$  !"#$ · 𝜆 · 𝑅𝚲!/! · 1𝑣! + 1𝑣! = 0	  −𝛾 · 𝜉 · 𝑅 · 2 · 𝜆! · ℎ · 0,55+ 12 · 𝐶! · 1,1 · 0,85 · 𝑅ℎ · 𝑣! + 𝑅 · 2 · 𝜆! · ℎ · 2 · 𝛿ℎ + 12· 𝑃!! · 𝛽!"#$  !"#$ · 𝜆 · 𝑅𝚲!! · 1𝑣! + 1𝑣! − 𝛾 · 𝜉 · 𝑅 · 2 · 𝜆! · ℎ · 0,25· ln  (𝑃!!!,!!) · 1Λ− 14 · 𝛽 · 𝜆 · 𝑅𝑣! · 𝚲!! = 0	  → 𝚲∗ ≈
≈ 𝟏𝟒 · 𝜷 · 𝝀 · 𝑹𝒗𝒘−𝜸 · 𝝃 · 𝑹 · 𝟐 · 𝝀𝒉 · 𝒉 · 𝟎,𝟓𝟓+ 𝟏𝟐 · 𝑪𝒕 · 𝟏,𝟏 · 𝟎,𝟖𝟓 · 𝑹𝒉 · 𝒗𝒌 + 𝑹 · 𝟐 · 𝝀𝒉 · 𝒉 · 𝟐 · 𝜹𝒉 +𝟏𝟐 · 𝑷!! · 𝜷𝒕𝒊𝒎𝒆  𝒍𝒐𝒔𝒕 · 𝝀 · 𝑹𝚲𝟏𝟐 · 𝟏𝒗𝒘 + 𝟏𝒗𝒄 − 𝜸 · 𝝃 · 𝑹 · 𝟐 · 𝝀𝒉 · 𝒉 · 𝟎,𝟐𝟓 · 𝐥𝐧  (𝑷!!𝟎,𝟓𝟓)
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1.1.1 Results	  of	  the	  analytical	  optimisation	  With	   expressions	   from	   Equation	   1	   to	   Equation	   4	   it	   is	   possible	   to	   obtain	   an	  approximation	  to	  the	  optimal	  values	  obtained	  numerically	  in	  section	  5.	  The	  results	  obtained	  are	  summarised	  in	  Table	  1.	  
Decision	  variables	   	  
Parameter	   Units	   Optimal	  value	  
Density	  of	  stations	  –	  Λ 	  	   𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑠𝑘𝑚! 	   32,15	  
Repositioning	  period	  –	  h	  	   hours	   1,78	  
Probability	  of	  no	  service	  –	  P	  	   -­‐	   0,0212	  
Minimum	  number	  of	  
repositioning	  operations	  to	  
visit	  a	  station	  –	  k	  	  
units	  	   0,3483	  
Table	  1	  Results	  of	  the	  analytical	  optimisation	  These	   results	   are	   very	   useful	   in	   order	   to	   verify	   orders	   of	   magnitude	   when	  optimising	  the	  modelling	  numerically	  and	  identify	  any	  possible	  source	  of	  error.	  If	  they	   are	   compared	   to	   those	   values	   in	   section	   5,	   it	   is	   clear	   how	   despite	   all	   the	  simplifications	  made	  in	  this	  appendix,	  values	  correspond	  to	  the	  order	  of	  magnitude	  found	  numerically,	  meaning	   that	  both	  approaches	  were	  consistent	  and	  no	  errors	  were	  made.	  
1.2 ECONOMIES	  OF	  SCALE	  The	  analytical	  expression	  of	  the	  four	  DVs	  allows	  identifying	  possible	  economies	  of	  scale	  in	  the	  system.	  First	  of	  all,	   the	  dependency	  of	  the	  DVs	  on	  demand	  is	  studied.	  Afterwards,	   they	   are	   plugged	   in	   the	   general	   expressions	   of	   the	   costs	   in	   order	   to	  analyse	  them.	  The	   minimum	   number	   of	   repositioning	   operations,	   k,	   does	   not	   depend	   on	   the	  demand.	  Besides,	  as	  the	  dependency	  of	  h	  on	  demand	  is	  small	  and	  would	  be	  difficult	  to	  assess,	  h	  has	  been	  considered	  as	  independent	  on	  any	  kind	  of	  demand.	  As	  for	  the	  stations	  density,	  it	  has	  been	  considered	  that	  it	  depends	  on	  the	  𝜆/ 𝜆!	  ratio	  in	  order	  to	  simplify	  the	  analysis.	  Finally,	  the	  probability	  of	  no	  service	  depends	  on	   𝜆!/𝜆.	  Another	  simplification	  is	  to	  consider	  that	  the	  ratios	  between	  the	  different	  types	  of	  demand	  and	  between	  ℎ! 	  and	  ℎ	  or	  Λ! 	  and	  Λ	  are	  constant	  (Equation	  4).	  𝜆𝜆! ≈ 2,4  ;    𝜆𝜆! ≈ 1,4  ;   ℎ!ℎ ≈ 2,8  ;   Λ!Λ ≈ 0,85	  
Equation	  4	  
	   x	  
Possible	   economies	   of	   scale	   will	   be	   identified	   with	   the	   expression	   of	   the	  generalised	   cost	   per	   trip,	   found	   dividing	   the	   total	   hourly	   costs	   over	   the	   average	  daily	  demand.	  𝐼𝐶𝜆! · 𝑅 = 𝛾𝜆! · 𝑅 𝜉 𝜆 · 𝑅 · 𝜏! + 𝐹!! 1− 𝑃 · 𝜆 · 𝑅 · 𝜏! + 𝑅 · 𝜆! · 𝑃 𝛼 · ℎ2                               + 𝐹!! 1− 𝑃 · 𝑅 · 2 · 𝜆! · ℎ · Λ+ 𝑘 · Λ · F · R · h! − 14 	  →    𝐼𝐶𝜆! · 𝑅 ≈ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑠 + 𝑓 1𝜆 + 𝑓 1𝜆! 	  
Equation	  5	  𝑂𝐶𝜆! · 𝑅 = 𝛾! · 𝜆 · 𝑅𝜆! · 𝑅 	   → 𝑂𝐶𝜆! · 𝑅 ≈ 𝛾! 	  
Equation	  6	  𝑅𝐶𝜆! · 𝑅 = 𝐶!𝜆! · 𝑅 1.1 · Λ!ℎ + 𝑅 · 𝜆! · 𝑃 𝛼𝐾 · 23 · 𝑅 · 𝑅𝑣!+ 𝑅 · 2 · 𝜆! · ℎ · Λ+ 𝑅 · 𝜆! · 𝑃 𝛼 · ℎ2 · 2 · 𝛿ℎ 	  →    𝑅𝐶𝜆! · 𝑅 ≈ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑠 + 𝑓 1𝜆!/! + 𝑓 1𝜆!/!   	  
Equation	  7	  𝐴𝐶𝜆! · 𝑅 = 1𝜆! · 𝑅 · 0,5 · 𝛽 · 𝜆 · 𝑅𝑣! · Λ 	   → 𝐴𝐶𝜆! · 𝑅 ≈ 𝑓 1𝜆!/! 	  
Equation	  8	  𝑁𝑆𝑃𝜆! · 𝑅 = 1𝜆! · 𝑅 · 𝑃 · 𝛽!"#$  !"#$ · 𝜆 · 𝑅Λ · 1𝑣! + 1𝑣! 	  →    𝑁𝑆𝑃𝜆! · 𝑅 ≈ 𝑓 1𝜆!/! 	  
Equation	  9	  All	  the	  costs	  except	  for	  the	  operation	  ones	  present	  economies	  of	  scale	  in	  a	  certain	  degree	   and	   no	   terms	   increase	   with	   demand,	   so	   there	   are	   not	   any	   trade-­‐offs	   in	  terms	  of	  costs	  with	  changes	  in	  demand.	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As	  an	  illustration	  of	  the	  effect	  of	  this	  economies	  of	  scale,	  let’s	  study	  what	  happens	  if,	  for	  instance,	  demand	  was	  1,5	  times	  higher	  than	  the	  current	  one,	  maintaining	  the	  same	  𝜆!/𝜆! 	  ratio.	  
Decision	  variables	   	   	  
Parameter	   Units	   Optimal	  
value	  with	  𝜆	   Optimal	  value	  with	  1,5	  𝜆	  
Total	  costs	   €/h	   5747,4	   7719,4	  
Generalized	  cost	  per	  trip	   €/trip	   3,21	   2,88	  
Table	  2	  Illustrative	  example	  of	  the	  effects	  of	  economies	  of	  scale	  in	  the	  system	  As	  shown	  in	  Table	  2,	  an	  increase	  of	  50%	  in	  the	  demand	  will	   imply	  an	  increase	  in	  the	   total	   costs	   of	   around	   a	   35%,	  which	  means	   that	   the	   generalised	   cost	   per	   trip	  would	  drop	  a	  10%.	  As	  stated	  before,	  economies	  of	  scale	  are	  not	  very	  significant	  in	  this	  kind	  of	  system,	  but	  they	  are	  still	  beneficial	  and	  it	  is	  important	  to	  keep	  them	  in	  mind.	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1 SERVICE	  AREA	  
	   	  
	   iii	  
	  
Service	  area	   49	   [km2]	   Source:	  [1]	  
R	  
Definit
ion	   Area	  served	  by	  the	  Bicing’s	  stations.	  	  Comment:	  this	  service	  area	  corresponds	  to	  the	  one	  the	  system	  had	  in	  2007	  with	  400	  stations.	  Now	  the	  system	  counts	  with	  424	  stations	  [2].	  Of	  the	  24	  extra	  stations,	  most	  of	  them	  where	  added	  to	  existing	  stations	  to	  increase	  capacity,	  so	  the	  service	  area	  has	  not	  been	  significantly	  modified.	  Thus,	  the	  49km2	  have	  not	  been	  modified.	  	  Sources:	  [1]	  López	  Rodríguez,	  Àngel.	  “Bicing	  –	  El	  transporte	  público	  individual	  de	  Barcelona”.	  Cátedra	  de	  
Ecotransporte,	  Tecnología	  y	  Movilidad,	  Universidad	  Rey	  Juan	  Carlos	  y	  Gobierno	  de	  Madrid,	  2011.	  Web.	  16	  April	  2014.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	   iv	  
Average	  slope	   1,9	   [%]	  
α 	  
Definit
ion	   Average	  slope	  of	  the	  service	  area.	  
Raw	  da
ta	  
Significant	  maximum	  height	  of	  the	  stations	   110	   [m]	   Source:	  [2]	  
Definit
ion	  
The	  highest	  station	  is	  at	  138m	  above	  the	  sea	  level.	  However,	  there	  are	  very	  few	  stations	  at	  these	  heights.	  Thus,	  the	  cumulative	  distribution	  of	  stations	  with	  height	  has	  been	  plotted.	  This	  has	  showed	  an	  almost	  linear	  distribution	  up	  to	  99%	  of	  the	  stations,	  which	  corresponds	  to	  a	  height	  of	  110m:	  
	  Distance	  from	  coast	  to	  upper	  limit	  of	  the	  service	  area	   5,7	   [km]	   Source:	  [3]	  
Definit
ion	   Perpendicular	  distance	  from	  the	  coast	  line	  up	  to	  the	  approximate	  upper	  limit	  of	  the	  service	  area.	  
Estima
tion	   proces
s	   The	  slope	  is	  obtained	  by	  dividing	  the	  maximum	  height	  by	  the	  distance	  from	  the	  coast	  to	  the	  highest	  point.	  
	  Sources:	  	  [2]	  Bicing	  data	  recorded	  from	  the	  web	  service	  on	  the	  7th	  May	  2014	  [3]	  Google	  Earth	  	  	  	  	  	  	  
	   v	  
Average	  daily	  demand	   36,52	   [trips/(h·km2)]	  
λd	  
Definit
ion	   Average	  demand	  that	  took	  place	  in	  the	  system	  in	  one	  day	  (24	  hours),	  in	  units	  of	  trips	  generated	  in	  a	  square	  kilometre	  and	  in	  an	  hour.	  
Raw	  da
ta	  
Occupation	  of	  the	  stations	  every	  minute	   Source:	  [2]	  
Definit
ion	   This	  is	  the	  information	  obtained	  from	  the	  Bicing’s	  web	  service.	  It	  shows	  the	  number	  of	  bicycles	  at	  each	  station,	  every	  minute.	  
Service	  area	   49	   [km2]	  
Definit
ion	   Area	  served	  by	  the	  Bicing’s	  stations.	  	  Hours	  of	  operation	   24	   [h]	  
Definit




The	   difference	   in	   the	   number	   of	   bicycles	   in	   a	   station	   between	   two	  consecutive	   minutes	   will	   give	   the	   number	   of	   requests	   or	   returns	   in	   that	  station	  
• This	   difference	   is	   not	   exactly	   the	   demand	   in	   a	   station	   but	   the	  difference	  between	  the	  total	  number	  of	  requests	  and	  the	  total	  number	  of	  returns	  
- So	  as	   to	  neglect	   this	  phenomenon,	   it	   is	  assumed	  that	  only	  one	  type	   of	   operation	   is	   happening	   in	   one	   minute,	   so	   that	   the	  difference	  can	  be	  directly	  considered	  as	  demand	  
- With	  this	  assumption	  a	  certain	  underestimation	  in	  the	  demand	  is	  accepted1	  
• In	   addition,	   repositioning	   operations	   need	   to	   be	   removed	   from	   the	  data	  
- To	  do	  it,	  it	  is	  considered	  that	  whenever	  there	  are	  four	  or	  more	  requests,	  or	  three	  or	  more	  returns	  in	  a	  station,	  repositioning	  is	  happening	   and	   there	   was	   no	   demand	   in	   the	   station	   in	   that	  minute	  
- The	   threshold	   is	   arbitrary	   and	   has	   been	   determined	   from	  observation	  of	  the	  system	  
 The	  addition	  of	  the	  requests	  and	  returns	  per	  minute	  of	  each	  station	  will	  give	  the	   total	   demand	   per	   minute	   of	   the	   system.	   The	   average	   hourly	  requests/returns	  per	  square	  kilometre	  are	  obtained	  considering	  the	  service	  area	  and	  that	  the	  system	  is	  open	  24	  hours	  a	  day.	  	  Sources:	  [2]	  Bicing	  data	  recorded	  from	  the	  web	  service	  on	  the	  7th	  May	  2014	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1	  The	  average	  daily	  demand	  obtained	  from	  data	  recorded	  on	  the	  7th	  May	  (36,52	  trips/h/km2	  )	  is	  indeed	  lower	  than	  what	  was	  to	  be	  expected	  this	  time	  of	  the	  year	  (of	  around	  44	  trips/h/km2).	  However,	  it	  is	  a	  rather	  good	  estimate	  of	  the	  average	  daily	  demand	  for	  the	  year	  which	  according	  to	  Bicing	  was	  of	  33,93	  trips/h/km2	  in	  2014.	  
	   vi	  
Peak	  demand	  (15	  min)	   87,10	   [trips/(h·km2)]	  
λ 	  
Peak	  demand	  (23	  min)	   83,00	   [trips/(h·km2)]	  
λ 	  
Peak	  demand	  (30	  min)	   80,37	   [trips/(h·km2)]	  
λ 	  
Peak	  demand	  (45	  min)	   76,98	   [trips/(h·km2)]	  
λ 	  
Definit
ion	   Demand	  of	  the	  system	  corresponding	  to	  the	  period	  with	  highest	  demand.	  The	  length	  of	  this	  period	  is	  arbitrary.	  Three	  possibilities	  have	  been	  considered	  in	  this	  case:	  15,	  30	  and	  45	  minutes,	  as	  well	  as	  the	  period	  corresponding	  to	  the	  average	  travel	  time.	  
Raw	  da
ta	   Occupation	  of	  the	  stations	  every	  minute	   Source:	  [2]	  
Definit
ion	   This	  is	  the	  information	  obtained	  from	  the	  Bicing’s	  web	  service.	  It	  shows	  the	  number	  of	  bicycles	  at	  each	  station	  and	  for	  every	  minute.	  
Raw	  da
ta	   Service	  area	   49	   [km2]	  
Definit
ion	   Area	  served	  by	  the	  Bicing’s	  stations.	  	  




*	   See	   Average	   daily	   demand	   for	   pre-­‐treatment	   of	   data	   and	   calculation	   of	  demand	  (requests).	  	  The	   methodology	   used	   in	   order	   to	   obtain	   this	   function	   is	   the	   one	   that	  follows:	  first	  of	  all,	  the	  minute	  with	  highest	  demand	  is	  found	  and	  its	  value	  is	  stored.	   Afterwards,	   the	   two	   consecutive	  minutes	  with	   the	   highest	   average	  demand	  are	   found	  and	  the	  value	   is	  stored.	  Then,	   the	  same	  procedure	  with	  the	  three	  consecutive	  minutes	  with	  the	  highest	  average	  demand,	  and	  so	  on	  and	  so	  forth	  until	  all	  the	  minutes	  of	  a	  day	  are	  considered.	  	  The	  values	  of	   the	  average	   stored	  at	   each	   step	  define	  a	   curve	   that	   is	   called	  function	  of	  peak	  demand:	  
	  Once	   the	   curve	   defined,	   it	   is	   possible	   to	   know	   the	   average	   demand	   that	  corresponds	   to	   a	   certain	   period	   of	   time.	   In	   this	   case,	   the	   average	   peak	  demand	  that	  is	  interesting	  and	  useful	  is	  for	  a	  period	  of	  time	  of	  15	  minutes,	  not	   far	   from	   the	   average	   travelling	   time	   in	   the	   system,	   and	   of	   30	   and	   45	  minutes.	  	  The	  last	  value	  of	  the	  curve	  corresponds	  to	  the	  average	  daily	  demand.	  	  	  	  Sources:	  [2]	  Bicing	  data	  recorded	  from	  the	  web	  service	  on	  the	  7th	  May	  2014	  	  	  	  	  	  	  	  	  	  
	   viii	  
	  
Downhill	  cumulative	  area	   𝑅!(𝑧) = 𝑧𝑧! · 𝑅 + 𝑅2	   [km2]	  Rz	  
Definit
ion	   Area	  of	  the	  city	  that	  is	  below	  a	  certain	  height	  z.	  	  
Raw	  da
ta	  
Maximum	  height	  (zmax)	   138	   [m]	   Source:	  [2]	  
Definit
ion	   Height	  that	  corresponds	  to	  the	  highest	  station.	  
Minimum	  height	  (zmin)	   0	   [m]	   Source:	  [2]	  
Definit
ion	   Height	  that	  corresponds	  to	  the	  lowest	  stations.	  	  
Service	  area	   49	   [km2]	  
Definit




First	  of	  all,	  zM	  is	  calculated	  as	  𝑧! = 𝑧!"# − 𝑧!"# = 138.	  R	  is	  the	  service	  area,	  defined	  in	  its	  corresponding	  table.	  	  	  For	  this	  and	  further	  equations,	  𝑧 = 0	  has	  been	  defined	  as	  the	  median	  height	  of	  the	  stations	  (see	  illustrative	  figure	  below).	  	  
	  Sources:	  [2]	  Bicing	  data	  recorded	  from	  the	  web	  service	  on	  the	  7th	  May	  2014	   	  






2 USERS	  BEHAVIOUR	  
	   	  
	   x	  
Portion	  of	  uphill	  trips	  vs.	  downhill	   0,092	   [-­‐]	  
P(α)	  
Definit
ion	   Portion of uphill trips that are lost due to the average slope of the city α . 	   	  
Raw	  da
ta	  
Occupation	  of	  the	  stations	  every	  minute	   Source:	  [2]	  
Definit
ion	   This	  is	  the	  information	  obtained	  from	  the	  Bicing’s	  web	  service.	  It	  shows	  the	  number	  of	  bicycles	  at	  each	  station	  and	  for	  every	  minute.	  
Maximum	  height	  (zmax)	   138	   [units]	   Source:	  [2]	  
Definit
ion	   Height	  that	  corresponds	  to	  the	  highest	  station.	  
Minimum	  height	  (zmin)	   0	   [units]	   Source:	  [2]	  
Definit
ion	   Height	  that	  corresponds	  to	  the	  lowest	  stations.	  	  




*	  See	  Average	  daily	  demand	  for	  treatment	  of	  the	  data	  and	  calculation	  of	  demand	  (requests)	  and	  returns.	  	  In	  order	  to	  reduce	  dispersion	  in	  the	  estimation,	  instead	  of	  working	  with	  the	  requests	  at	  each	  station,	  requests	  are	  grouped	  in	  heights.	  	  Once	  requests	  are	  grouped,	  the	  following	  equation	  is	  applied	  with	  the	  data	  at	  each	  height:	  !!!!!! = 𝑃 𝛼 · !!!!.	  








From	  the	  percentage	  of	  users	  who	  are	  never	  willing	  to	  ride	  uphill,	  a	  direct	  estimation	  of	  P(α)	  can	  be	  obtained.	  In	  this	  case,	  from	  source	  [1]	  one	  can	  know	  that	  40%	  of	  the	  Bicing	  users	  are	  not	  usually	  willing	  to	  go	  uphill,	  and	  7%	  will	  never	  do	  it.	  This	  leads	  to	  a	  value	  of	  P(α)	  of	  0,07	  as	  it	  accounts	  for	  those	  trips	  lost	  due	  to	  the	  slope.	  	  This	  estimation	  can	  be	  useful	  if	  no	  data	  of	  the	  system	  is	  available.	  In	  this	  case,	  the	  first	  estimation	  is	  much	  more	  accurate,	  which	  is	  why	  it	  has	  been	  chosen	  over	  this	  last	  approximation.	  	  Sources:	  [2]	  Bicing	  data	  recorded	  from	  the	  web	  service	  on	  the	  7th	  May	  2014	  	  	  	   	  
	   xii	  
	  
Average	  riding	  time	   22,7	  0,378	   [minutes]	  [hours]	   Source:	  [4]	  τs	  
Definit
ion	   Average	  time	  that	  a	  user	  spends	  on	  a	  trip	  with	  Bicing.	  
Raw	  da
ta	   Occupation	  of	  the	  stations	  every	  minute	   Source:	  [2]	  
Definit
ion	   This	  is	  the	  information	  obtained	  from	  the	  Bicing’s	  web	  service.	  It	  shows	  the	  number	  of	  bicycles	  at	  each	  station	  and	  for	  every	  minute.	  
Estima
tion	   proces
s	   The	  riding	  time	  is	  obtained	  by	  studying	  real	  demand	  in	  the	  system	  using	  cumulative	  count	  curves.	  	  As	  explained	  in	  Appendix	  1,	  the	  time	  series	  of	  the	  average	  riding	  time	  is	  obtained,	  giving	  an	  average	  value	  of	  22,7	  minutes.	  	  	  Alternative	  estimation	  processes:	  	  
Raw	  da
ta	  
Real	  trips	  of	  Bicing	  users.	   Source:	  [6]	  
Definit












tive	   The	  value	  directly	  provided	  in	  the	  Bicing’s	  website	  for	  the	  average	  riding	  time	  in	  January	  2015	  is	  of	  13,38	  minutes	  (0,223	  hours).	  	  
	  Sources:	  [2]	  Bicing	  data	  recorded	  from	  the	  web	  service	  on	  the	  7th	  May	  2014	  [4]	  Bicing’s	  website,	  Ajuntament	  de	  Barcelona.	  Visited	  several	  times.	  www.bicing.cat	  [6]	  Information	  obtained	  from	  real	  Bicing	  users.	  	  	  	  
	   xiii	  
Average	  speed	   10,16	   [km/h]	   Source:	  [25]	  
vc	  
Definit
ion	   Average	  riding	  speed	  of	  the	  Bicing	  users.	  
Estima
tion	  pr
ocess	   Given	  directly	  in	  [25]	  for	  the	  shared	  bicycle	  system	  in	  Lyon.	  	  Velo’v,	  the	  bicycle	  sharing	  system	  of	  Lyon,	  counts	  with	  348	  stations	  spread	  across	  the	  48	  km2	  extension	  of	  the	  city	  giving	  service	  to	  a	  fleet	  size	  of	  around	  4000	  bicycles.	  The	  similarities	  of	  the	  Velo’v	  with	  the	  Bicing	  in	  Barcelona	  have	  led	  to	  consider	  that	  the	  average	  speed	  of	  the	  users	  in	  both	  systems	  can	  be	  the	  same.	  	  	  Alternative	  estimation	  process:	  	  
Raw	  da
ta	  
Real	  trips	  of	  Bicing	  users.	   Source:	  [6]	  
Definit






tive	   The	  average	  value	  for	  the	  riding	  speed	  is	  obtained	  by	  dividing	  the	  average	  distance	  over	  the	  average	  time.	  The	  result	  is	  10,40	  km/h.	  	  
	  Source:	  [6]	  	   Information	  obtained	  from	  real	  Bicing	  users.	  [25]	  	   Jensen,	  Pablo,	  Ovtracht,	  Nicolas,	  Robardet,	  Céline,	  Rouquier,	  Jean-­‐Baptiste.	  “Characterizing	  the	  speed	  and	  paths	  of	  shared	  bicycles	  in	  Lyon”.	  2010.	  France.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	   xiv	  
Average	  distance	  traveled	   3,84	   [km]	  
-­‐	  
Definit
ion	   Average	  distance	  that	  a	  user	  rides	  on	  a	  trip	  with	  Bicing.	  
Raw	  da
ta	  
Average	  riding	  time	   0,378	   [h]	   Source:	  [4]	  
Definit
ion	   See	  the	  Average	  riding	  time	  in	  this	  section.	  
Average	  speed	   10,16	   [km/h]	   Source:	  [25]	  
Definit
ion	   The	  Bicing	  system	  counts	  with	  a	  fleet	  of	  6000	  bicycles	  since	  June	  2008,	  a	  year	  after	  its	  opening	  in	  2007.	  	  
Estima
tion	   proces
s	   It	  is	  possible	  to	  obtain	  the	  distance	  travelled	  as	  the	  result	  of	  the	  average	  riding	  time	  times	  the	  average	  speed,	  which	  leads	  to	  3,84	  km.	  	  
	  Alternative	  estimation	  processes:	  	  
Raw	  da
ta	  
Real	  trips	  of	  Bicing	  users.	   Source:	  [6]	  
Definit








Average	  km	  travelled	  in	  a	  month	  per	  bicycle	   451,98	   [km]	   Source:	  [4]	  
Definit
ion	   Average	  distance	  travelled	  per	  each	  bicycle	  of	  the	  system	  in	  a	  month.	  
Fleet	  size	   5206	   [bicylces]	   Source:	  [4]	  
	   xv	  
Definit
ion	   The	  Bicing	  system	  counts	  with	  a	  fleet	  of	  6000	  bicycles	  since	  June	  2008,	  a	  year	  after	  its	  opening	  in	  2007.	  	  Average	  monthly	  trips	   1001526	   [units]	   Source:	  [4]	  
Definit





tive	   With	  the	  following	  operations	  with	  the	  raw	  data,	  the	  average	  distance	  is	  found:	   451,98 𝑘𝑚𝑏𝑖𝑐𝑦𝑐𝑙𝑒 · 5206  𝑏𝑖𝑐𝑦𝑐𝑙𝑒𝑠1001526  𝑡𝑟𝑖𝑝𝑠 = 2,35  𝑘𝑚	  	  	  Sources:	  	  [4]	  	  	  	  	  	  Bicing’s	  website,	  Ajuntament	  de	  Barcelona.	  Visited	  several	  times.	  www.bicing.cat	  [6]	  	  	  	  	  	  Information	  obtained	  from	  real	  Bicing	  users.	  [25]	  	  	  	  Jensen,	  Pablo,	  Ovtracht,	  Nicolas,	  Robardet,	  Céline,	  Rouquier,	  Jean-­‐Baptiste.	  “Characterizing	  the	  speed	  and	  paths	  of	  shared	  bicycles	  in	  Lyon”.	  2010.	  France.	  	   	  
	   xvi	  
Average	  walking	  speed	   1	  3,6	   [m/s]	  [km/h]	   Source:	  [5]	  vw	  
Definit
ion	   Average	  walking	  speed	  in	  the	  city	  of	  Barcelona.	  	  This	  is	  an	  underestimation	  to	  account	  for	  the	  fact	  that	  users	  penalize	  walking	  and	  overestimations	  of	  the	  agency	  costs.	  	  Source:	  [5]	  Mobilitat,	  Generalitat	  de	  Catalunya.	  13	  April	  2014.	  http://mobilitat.gencat.cat/es/serveis/mitjans_de_transport/a_peu/	  	   	  
	   xvii	  
User	  value	  of	  time	   11,40	   [€]	   Source:	  [24]	  
β 	  
Definit
ion	   The	  average	  value	  of	  time	  perceived	  by	  the	  population	  when	  walking	  to	  access	  a	  certain	  public	  transportation.	  
	  Alternative	  estimation	  process:	  
Raw	  da
ta	  
%	  of	  hourly	  income	   80	   [%]	   Source:	  [7]	  
Definit
ion	   Research	  carried	  out	  by	  the	  US	  Department	  of	  transportation	  determined	  that	  the	  value	  of	  time	  when	  walking	  to	  access	  a	  public	  transportation	  stop	  is	  100%	  of	  the	  average	  hourly	  income.	  Given	  the	  fact	  that	  the	  economic	  situation	  in	  Spain	  is	  less	  favourable	  than	  the	  one	  in	  the	  US,	  80%	  of	  the	  hourly	  income	  will	  be	  considered.2	  Average	  hourly	  income	  in	  Spain	   14,53	   [€]	   Source:	  [8]	  
Definit
ion	   Income	  that,	  as	  an	  average,	  the	  Spanish	  population	  gets	  in	  an	  hour.	  
Estima
tion	   proces
s	   The	  calculation	  of	  the	  80%	  of	  14,53€	  gives	  the	  value	  of	  time	  for	  the	  Bicing	  users	  when	  walking	  to	  a	  station:	  11,62€.	  	  
	  Sources:	  [7]	  	  	  	  United	  States.	  U.	  S.	  Department	  of	  Transportation,	  Office	  of	  the	  Secretary	  of	  Transportation.	  “The	  Value	  of	  Travel	  Time	  Savings:	  Departmental	  Guidance	  for	  Conducting	  Economic	  Evaluations,	  Revision	  2”.	  28/09/2011.	  Web.	  16/03/14.	  [8]	  	  	  	  Instituto	  Nacional	  de	  Estadística.	  “Encuesta	  anual	  de	  estructura	  salarial.	  Año	  2011”.	  25/09/2013.	  Web.	  16/03/14	  [24]	  Information	  provided	  by	  the	  Associació	  del	  Transport	  Metropolità	  (Metropolitan	  Transport	  Association)	  of	  Barcelona	  	  	   	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  2	  This	  assumption	  is	  verified	  as	  the	  value	  of	  time	  obtained	  with	  this	  alternative	  process	  is	  almost	  identical	  to	  that	  considered	  by	  the	  ATM	  
	   xviii	  
User	  value	  of	  time	  lost	   24,91	   [€/h]	   Source:	  [4]	  
βTL	  
Definit
ion	   Average	  value	  of	  time	  perceived	  by	  the	  population	  when	  suffering	  delays	  in	  their	  trips.	  In	  the	  Bicing	  system	  delays	  appear	  when	  the	  user	  finds	  an	  empty	  station	  when	  he/she	  wants	  to	  pick	  up	  a	  bicycle	  or	  a	  full	  one	  when	  he/she	  wants	  to	  leave	  the	  bicycle.	  
Raw	  da
ta	  
β	  -­‐	  User	  value	  of	  time	   11,4	   [€/h]	   Source:	  [24]	  
Definit
ion	   The	  average	  value	  of	  time	  perceived	  by	  the	  population	  when	  walking	  to	  access	  a	  certain	  public	  transportation.	  See	  β	  for	  	  
Factor	  to	  account	  for	  delays	  in	  the	  journey	  time	   1,8	   [-­‐]	   Source:	  [30]	  
Definit
ion	   This	  factor	  considers	  that	  delays	  in	  the	  journey	  time	  are	  perceived	  as	  1,8	  times	  more	  expensive	  than	  the	  expected	  travel	  time.	  
Factor	  to	  account	  for	  delays	  in	  the	  waiting	  time	   2,5*	   [-­‐]	   Source:	  [30]	  
Definit
ion	  
This	  factor	  considers	  that	  delays	  in	  the	  waiting	  time	  are	  perceived	  as	  2,5	  times	  more	  expensive	  than	  the	  expected	  waiting	  time.	  	  	  *For	  commuters,	  which	  is	  the	  most	  similar	  case	  to	  the	  type	  of	  trips	  carried	  out	  within	  the	  Bicing	  system,	  only	  79%	  of	  the	  time	  is	  factored,	  as	  it	  accounts	  for	  personal	  time	  lost.	  The	  21%	  that	  remains	  is	  considered	  to	  be	  lost	  work	  time,	  and	  it	  is	  perceived	  at	  the	  same	  price	  as	  regular	  travel	  time.	  
Estima
tion	  pr
ocess	   The	  value	  of	  time	  for	  delays	  will	  be	  calculated	  as	  the	  maximum	  value	  between	  the	  journey	  and	  the	  waiting	  time.	  	  Delays	  in	  journey	  are	  valued	  as	  high	  as	  11,4 · 1,8 = 20,52  €/ℎ	  whereas	  delays	  in	  waiting	  time	  are	  worth	  2,5 · 0,79 · 11,4+ 0,21 · 11,4 = 24,91€/ℎ.	  	  The	  value	  of	  delays	  is	  then	  24,91	  €/h.	  	  	  Sources:	  [24]	  Information	  provided	  by	  the	  Associació	  del	  Transport	  Metropolità	  (Metropolitan	  Transport	  Association)	  of	  Barcelona	  [30]	  Oxford	  Economic	  Forecasting.	  “Time	  is	  money.	  The	  economic	  effects	  of	  transport	  delays	  in	  Central	  London”.	  January	  2005.	  London,	  UK.	  	  	  	   	  






3 INFRASTRUCTURE	  COSTS	  
	   	  
	   xx	  
Useful	  life	  of	  bikes	   1,7	   [years]	  
tb	  
Definit
ion	   Average	  time	  that	  a	  bicycle	  can	  be	  operative	  in	  the	  Bicing	  system.	  
Raw	  da
ta	   Total	  number	  of	  bicycles	  bought	  by	  Bicing	  from	  the	  opening	  year.	   25000	   [units]	   Source:	  [9]	  
Definit
ion	   From	  the	  moment	  the	  Bicing	  opened	  and	  up	  to	  2014,	  the	  system	  has	  bought	  a	  total	  of	  25000	  bicycles.	  
Raw	  da
ta	   Average	  fleet	  size	   6000	   [units]	   Source:	  [1]	  
Definit
ion	   The	  Bicing	  system	  counts	  with	  a	  fleet	  of	  6000	  bicycles	  since	  June	  2008,	  a	  year	  after	  its	  opening	  in	  2007.	  To	  simplify	  further	  calculations,	  the	  fleet	  size	  of	  the	  first	  year	  has	  been	  considered	  of	  6000	  bicycles	  too.	  
Estima
tion	  pr
ocess	   If	  the	  total	  amount	  of	  bicycles	  bought	  by	  Bicing	  is	  divided	  by	  the	  fleet	  size,	  one	  can	  obtain	  how	  many	  times	  these	  bicycles	  are	  renewed.	  25000  𝑏𝑖𝑐𝑦𝑐𝑙𝑒𝑠6000  𝑏𝑖𝑐𝑦𝑐𝑙𝑒𝑠 = 4,2	  The	  Bicing	  system	  started	  working	  in	  2007,	  and	  the	  data	  available	  is	  from	  2014,	  which	  means	  7	  years	  of	  operation.	  If	  in	  7	  years	  bicycles	  have	  been	  renewed	  4,2	  times,	  then	  the	  useful	  life	  of	  one	  bike	  is	  7  𝑦𝑒𝑎𝑟𝑠4,2   = 1,7  𝑦𝑒𝑎𝑟𝑠	  	  Sources:	  [1]	  López	  Rodríguez,	  Àngel.	  “Bicing	  –	  El	  transporte	  público	  individual	  de	  Barcelona”.	  Cátedra	  de	  
Ecotransporte,	  Tecnología	  y	  Movilidad,	  Universidad	  Rey	  Juan	  Carlos	  y	  Gobierno	  de	  Madrid,	  2011.	  Web.	  16	  April	  2014.	  http://www.catedraetm.es/uploads/ficheros/paginas/descargas/201205/descargas-­‐bicing-­‐es.pdf	  [9]	  El	  Periódico.	  “El	  Bicing	  se	  inclina	  por	  adoptar	  bicis	  eléctricas	  a	  partir	  del	  2017”.	  1	  April	  2014.	  Web.	  3	  April	  2014	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	   xxi	  
Ratio	  fleet	  size/available	  bikes	   1,15	   [-­‐]	  
ξ 	  
Definit
ion	   Of	  the	  6000	  bicycles	  from	  the	  system,	  only	  part	  of	  them	  is	  available	  for	  the	  users	  while	  the	  rest	  is	  being	  checked	  or	  repaired.	  This	  ratio	  relates	  the	  fleet	  size	  with	  the	  amount	  that	  is	  available.	  
Raw	  da
ta	   Occupation	  of	  the	  stations	  every	  minute	   Source:	  [2]	  
Definit
ion	   This	  is	  the	  information	  obtained	  from	  the	  Bicing’s	  web	  service.	  It	  shows	  the	  number	  of	  bicycles	  at	  each	  station	  and	  for	  every	  minute.	  
Raw	  da
ta	   Average	  fleet	  size	   6000	   [units]	   Source:	  [1]	  
Definit




The	  fleet	  size	  is	  known,	  so	  what	  needs	  to	  be	  determined	  is	  the	  amount	  of	  bicycles	  that	  are	  available.	  	  The	  Bicing	  system	  is	  closed	  at	  night,	  which	  means	  that	  during	  this	  period	  the	  occupation	  of	  the	  stations	  should	  not	  vary	  (except	  for	  repositioning	  and	  some	  returns,	  which	  are	  allowed).	  This	  way	  the	  amount	  of	  bicycles	  that	  are	  parked	  in	  all	  the	  stations	  right	  before	  the	  system	  opens	  is	  a	  good	  estimation	  of	  the	  number	  of	  bicycles	  that	  are	  operative.	  	  It	  was	  found	  from	  the	  data	  analysed	  on	  the	  7th	  May	  2014	  that	  there	  were	  5206	  bicycles	  parked	  and	  the	  end	  of	  the	  closing	  hours.	  This	  leads	  to:	  	   𝜉 = 6000  𝑏𝑖𝑐𝑦𝑐𝑙𝑒𝑠5206  𝑏𝑖𝑐𝑦𝑐𝑙𝑒𝑠 = 1,15	  	  Sources:	  [1]	  López	  Rodríguez,	  Àngel.	  “Bicing	  –	  El	  transporte	  público	  individual	  de	  Barcelona”.	  Cátedra	  de	  
Ecotransporte,	  Tecnología	  y	  Movilidad,	  Universidad	  Rey	  Juan	  Carlos	  y	  Gobierno	  de	  Madrid,	  2011.	  Web.	  16	  April	  2014.	  http://www.catedraetm.es/uploads/ficheros/paginas/descargas/201205/descargas-­‐bicing-­‐es.pdf	  [2]	  Bicing	  data	  recorded	  from	  the	  web	  service	  on	  the	  7th	  May	  2014.	  http://wservice.viabicing.cat/v1/getstations.php?v=1	   	  
	   xxii	  
Initial	  investment	  cost	  of	  bikes	   235,29	  0,0345	   [€/(bike·year)]	  [€/(bike·h)]	  γb	  
Definit
ion	   Cost	  of	  one	  bicycle	  for	  the	  Bicing	  system,	  and	  the	  same	  cost	  prorated	  with	  time.	  
Raw	  da
ta	   Price	  of	  one	  bicycle	   400	   [€]	   Source:	  [9]	  
Definit
ion	   This	  is	  the	  price	  at	  which	  Clear	  Channel	  claims	  to	  buy	  the	  bicycles	  for	  the	  system.	  
Raw	  da
ta	   tb	  –	  Useful	  life	  of	  a	  bicycle	   1,7	   [years]	  
Definit
ion	   Average	  time	  that	  a	  bicycle	  can	  be	  operative	  in	  the	  Bicing	  system.	  See	  Useful	  life	  of	  a	  bicycle	  in	  this	  section.	  
Estima
tion	   proces
s	   Knowing	  the	  price	  of	  one	  bicycle	  and	  its	  useful	  life,	  the	  cost	  per	  year	  is	  obtained	  and	  is	  of	  235,29€/bike/year.	  Considering	  365	  days	  in	  a	  year	  and	  the	  24	  hours	  a	  day,	  the	  hourly	  cost	  of	  a	  bicycle	  is	  found	  to	  be	  0,03€/bike/h.	  Finally,	  to	  take	  into	  account	  that	  not	  the	  whole	  fleet	  size	  is	  available	  due	  to	  repairs,	  this	  cost	  is	  incremented	  with	  the	  ξ	  ratio,	  leading	  to	  a	  cost	  of	  0,0345€/bike/h.	  	  Sources:	  [9]	  El	  Periódico.	  “El	  Bicing	  se	  inclina	  por	  adoptar	  bicis	  eléctricas	  a	  partir	  del	  2017”.	  1	  April	  2014.	  Web.	  3	  April	  2014	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	   xxiii	  
Initial	  investment	  cost	  of	  stations	   208,92	  0,02	   [€/(bike·year)]	  [€/(bike·h)]	  γs	  
Definit
ion	   The	  cost	  of	  setting	  up	  one	  station	  prorated	  with	  the	  number	  of	  bicycles	  and	  with	  time.	  
Raw	  da
ta	  
Ratio	  slots/bicycles	   1,97	   [-­‐]	   Source:	  [2]	  
Definit
ion	   This	  ratio	  accounts	  for	  the	  total	  number	  of	  slots	  in	  the	  Bicing	  system	  (10246,	  from	  [2])	  divided	  by	  the	  available	  fleet	  size	  (5206,	  from	  [1]).	  
Useful	  life	  of	  a	  station	   10	   [years]	   Source:	  [1]	  
Definit
ion	   The	  average	  years	  that	  a	  station	  is	  supposed	  to	  be	  in	  good	  condition	  to	  operate	  with	  the	  needed	  maintenance.	  The	  number	  of	  stations	  has	  been	  increasing	  since	  the	  opening	  of	  Bicing	  and,	  as	  far	  as	  it	  is	  known,	  if	  a	  station	  is	  closed	  it	  is	  usually	  due	  to	  external	  reasons	  (re-­‐urbanization	  of	  a	  street	  mostly).	  Then,	  a	  useful	  life	  larger	  than	  the	  operative	  years	  of	  the	  Bicing	  (8	  counting	  from	  March	  2007)	  has	  been	  chosen.	  Total	  investment	  cost	  of	  stations	   10,97	   [M€]	   Source:	  [1]	  
Definit




First	  of	  all,	  the	  yearly	  cost	  of	  the	  stations	  is	  found:	  10,97  𝑀€10  𝑦𝑒𝑎𝑟𝑠 = 1,097 𝑀€𝑦𝑒𝑎𝑟	  Knowing	  the	  total	  number	  of	  slots	  in	  the	  system,	  then:	  1097000€/𝑦𝑒𝑎𝑟10344  𝑠𝑙𝑜𝑡𝑠 = 106,05 €𝑠𝑙𝑜𝑡 · 𝑦𝑒𝑎𝑟	  It	  is	  more	  useful	  to	  prorate	  the	  cost	  of	  the	  stations	  with	  the	  number	  of	  bicycles	  in	  order	  to	  have	  uniform	  units	  in	  all	  the	  parameters.	  It	  is	  possible	  to	  calculate	  it	  either	  with	  the	  ratio	  slots/bicycles	  or	  with	  the	  fleet	  size:	  106,05 €𝑠𝑙𝑜𝑡 · 𝑦𝑒𝑎𝑟 · 1,97 𝑠𝑙𝑜𝑡𝑠𝑏𝑖𝑐𝑦𝑐𝑙𝑒 = 208,92 €𝑏𝑖𝑘𝑒 · 𝑦𝑒𝑎𝑟 = 0,02 €𝑏𝑖𝑘𝑒 · ℎ𝑜𝑢𝑟	  	  	  Sources:	  [1]	  López	  Rodríguez,	  Àngel.	  “Bicing	  –	  El	  transporte	  público	  individual	  de	  Barcelona”.	  Cátedra	  de	  
Ecotransporte,	  Tecnología	  y	  Movilidad,	  Universidad	  Rey	  Juan	  Carlos	  y	  Gobierno	  de	  Madrid,	  2011.	  Web.	  16	  April	  2014.	  http://www.catedraetm.es/uploads/ficheros/paginas/descargas/201205/descargas-­‐bicing-­‐es.pdf	  [2]	  Bicing	  data	  recorded	  from	  the	  web	  service	  on	  the	  7th	  May	  2014.	  http://wservice.viabicing.cat/v1/getstations.php?v=1	  	   	  






4 OPERATIVE	  COSTS	  
	   	  
	   xxv	  
Administrative	  cost	   0,23	   [€/trip]	  
γa	  
Definit
ion	   Administrative	  and	  management	  costs	  of	  the	  Bicing	  system	  per	  trip	  made.	  	  These	  costs	  are	  assumed	  to	  be	  proportional	  to	  demand,	  so	  the	  possible	  economies	  of	  scale	  are	  neglected.	  	   	  
Raw	  da
ta	  
Total	  operation	  costs	  	   10,2	   [M€/year]	   Source:	  [1]	  
Definit
ion	   Estimation	  of	  the	  total	  amount	  spent	  in	  a	  year	  in	  the	  operation	  of	  the	  system.	  
Percentage	  of	  the	  total	  cost	  that	  accounts	  for	  administrative	  costs	   25	   [%]	   Source:	  [1]	  
Definit
ion	   Of	  the	  total	  operation	  costs,	  administration	  &	  structure	  and	  control	  &	  management	  represent	  a	  25%.	  
Total	  trips	  in	  2010	   11147000	   [trips]	   Source:	  [10]	  
Definit
ion	   The	  totality	  of	  trips	  that	  took	  place	  in	  2010	  with	  Bicing.	  
Estima
tion	   proces
s	   The	  calculation	  of	  the	  25%	  of	  the	  total	  operation	  costs	  gives	  an	  estimate	  of	  the	  yearly	  administrative	  costs	  for	  the	  Bicing	  system:	  0,25 · 10200000 = 2550000€/𝑦𝑒𝑎𝑟	  This	  data	  comes	  from	  a	  source	  from	  2010,	  so	  to	  be	  coherent,	  in	  order	  to	  know	  the	  cost	  per	  trip	  the	  yearly	  cost	  has	  been	  divided	  by	  the	  total	  number	  of	  trips	  that	  took	  place	  in	  2010.	  After	  this	  operation,	  a	  cost	  of	  0,23€/trip	  is	  found.	  	  Sources:	  [1]	  López	  Rodríguez,	  Àngel.	  “Bicing	  –	  El	  transporte	  público	  individual	  de	  Barcelona”.	  Cátedra	  de	  
Ecotransporte,	  Tecnología	  y	  Movilidad,	  Universidad	  Rey	  Juan	  Carlos	  y	  Gobierno	  de	  Madrid,	  2011.	  Web.	  16	  April	  2014.	  http://www.catedraetm.es/uploads/ficheros/paginas/descargas/201205/descargas-­‐bicing-­‐es.pdf	  [10]	  Ajuntament	  de	  Barcelona.	  Mobilitat.	  “2013.	  Dades	  bàsiques	  de	  Mobilitat”.	  February	  2014.	  Web.	  17	  April	  2014	   	  
	   xxvi	  
Cost	  of	  bike	  maintenance	   0,21	   [€/trip]	  
γm_b	  
Definit
ion	   Cost	  per	  trip	  of	  the	  maintenance	  of	  the	  bicycles’	  fleet.	  
Raw	  da
ta	  
Total	  operation	  costs	  	   10,2	   [M€/year]	   Source:	  [1]	  
Definit
ion	   Estimation	  of	  the	  total	  amount	  spent	  in	  a	  year	  in	  the	  operation	  of	  the	  system.	  
Percentage	  of	  the	  total	  cost	  that	  accounts	  for	  fleet	  maintenance	  costs	   22,4	   [%]	   Source:	  [1]	  
Definit
ion	   Of	  the	  total	  operation	  costs,	  maintenance	  and	  repairs	  of	  the	  bicycles	  represent	  a	  22,4%	  of	  the	  total	  costs.	  
Total	  trips	  in	  2010	   11147000	   [trips]	   Source:	  [10]	  
Definit




The	  calculation	  of	  the	  22,4%	  of	  the	  total	  operation	  costs	  gives	  an	  estimate	  of	  the	  yearly	  maintenance	  costs	  for	  the	  Bicing	  fleet:	  0,224 · 10200000 = 2284800€/𝑦𝑒𝑎𝑟	  This	  data	  comes	  from	  a	  source	  from	  2010,	  so	  to	  be	  coherent,	  in	  order	  to	  know	  the	  cost	  per	  trip	  the	  yearly	  cost	  has	  been	  divided	  by	  the	  total	  number	  of	  trips	  that	  took	  place	  in	  2010.	  After	  this	  operation,	  a	  cost	  of	  0,21€/trip	  is	  found.	  	  *	  Note	  that	  maintenance	  cost	  excludes	  the	  replacements	  in	  the	  fleet	  as	  it	  is	  taken	  into	  account	  in	  the	  investment	  costs.	  	  Sources:	  [1]	  López	  Rodríguez,	  Àngel.	  “Bicing	  –	  El	  transporte	  público	  individual	  de	  Barcelona”.	  Cátedra	  de	  
Ecotransporte,	  Tecnología	  y	  Movilidad,	  Universidad	  Rey	  Juan	  Carlos	  y	  Gobierno	  de	  Madrid,	  2011.	  Web.	  16	  April	  2014.	  http://www.catedraetm.es/uploads/ficheros/paginas/descargas/201205/descargas-­‐bicing-­‐es.pdf	  [10]	  Ajuntament	  de	  Barcelona.	  Mobilitat.	  “2013.	  Dades	  bàsiques	  de	  Mobilitat”.	  February	  2014.	  Web.	  17	  April	  2014	   	  
	   xxvii	  
Cost	  of	  station	  maintenance	   0,18	   [€/trip]	  
γm_s	  
Definit
ion	   Cost	  per	  trip	  of	  the	  maintenance	  of	  the	  stations.	  	  
Raw	  da
ta	  
Total	  operation	  costs	  	   10,2	   [M€/year]	   Source:	  [1]	  
Definit
ion	   Estimation	  of	  the	  total	  amount	  spent	  in	  a	  year	  in	  the	  operation	  of	  the	  system.	  
Percentage	  of	  the	  total	  cost	  that	  accounts	  for	  station	  maintenance	  costs	   19,5	   [%]	   Source:	  [1]	  
Definit
ion	   Of	  the	  total	  operation	  costs,	  maintenance	  and	  repairs	  of	  the	  stations	  represent	  a	  19,5%	  of	  the	  total	  costs.	  
Total	  trips	  in	  2010	   11147000	   [trips]	   Source:	  [10]	  
Definit
ion	   The	  totality	  of	  trips	  that	  took	  place	  in	  2010	  with	  Bicing.	  
Estima
tion	   proces
s	   The	  calculation	  of	  the	  19,5%	  of	  the	  total	  operation	  costs	  gives	  an	  estimate	  of	  the	  yearly	  maintenance	  costs	  for	  the	  Bicing’s	  stations:	  0,195 · 10200000 = 1989000€/𝑦𝑒𝑎𝑟	  This	  data	  comes	  from	  a	  source	  from	  2010,	  so	  to	  be	  coherent,	  in	  order	  to	  know	  the	  cost	  per	  trip	  the	  yearly	  cost	  has	  been	  divided	  by	  the	  total	  number	  of	  trips	  that	  took	  place	  in	  2010.	  After	  this	  operation,	  a	  cost	  of	  0,18€/trip	  is	  found.	  	  Sources:	  [1]	  López	  Rodríguez,	  Àngel.	  “Bicing	  –	  El	  transporte	  público	  individual	  de	  Barcelona”.	  Cátedra	  de	  
Ecotransporte,	  Tecnología	  y	  Movilidad,	  Universidad	  Rey	  Juan	  Carlos	  y	  Gobierno	  de	  Madrid,	  2011.	  Web.	  16	  April	  2014.	  http://www.catedraetm.es/uploads/ficheros/paginas/descargas/201205/descargas-­‐bicing-­‐es.pdf	  [10]	  Ajuntament	  de	  Barcelona.	  Mobilitat.	  “2013.	  Dades	  bàsiques	  de	  Mobilitat”.	  February	  2014.	  Web.	  17	  April	  2014	  	  	  	  	  	  	  	  	  	  	  	  
	   xxviii	  
Operative	  cost	   0,62	   [€/trip]	  
γe	  
Definit
ion	   Cost	  of	  administrative	  and	  maintenance	  operation	  of	  the	  system.	  These	  operative	  costs	  do	  not	  take	  into	  account	  repositioning	  as	  it	  will	  be	  considered	  separately.	  
Raw	  da
ta	  
Administrative	  costs	   0,23	   [€/trip]	  
Definit
ion	   Administrative	  and	  management	  costs	  of	  the	  Bicing	  system	  per	  trip	  made.	  
Cost	  of	  bike	  maintenance	   0,21	   [€/trip]	  
Definit
ion	   Cost	  per	  trip	  of	  the	  maintenance	  of	  the	  bicycles’	  fleet.	  
Cost	  of	  stations	  maintenance	   0,18	   [€/trip]	  
Definit
ion	   Cost	  per	  trip	  of	  the	  maintenance	  of	  the	  stations.	  	  
Estima
tion	   proces
s	   The	  addition	  of	  the	  three	  components	  listed	  above	  gives	  the	  total	  operation	  costs	  of	  the	  Bicing	  system.	  
Additional	  information	  -­‐	  Personnel	   Source:	  [1]	  
Definit
ion	   Information	  on	  the	  personnel	  staffed	  at	  each	  type	  of	  service.	  
Raw	   data	   Personnel	  at	  the	  administration,	  structure,	  management	  and	  control	  departments.	   0,24 · 230 = 56  𝑝𝑒𝑜𝑝𝑙𝑒	  Personnel	  at	  the	  maintenance	  and	  repairs	  department	  (both	  bicycles	  and	  stations).	   0,26 · 230 = 60  𝑝𝑒𝑜𝑝𝑙𝑒	  	  Sources:	  [1]	  López	  Rodríguez,	  Àngel.	  “Bicing	  –	  El	  transporte	  público	  individual	  de	  Barcelona”.	  Cátedra	  de	  
Ecotransporte,	  Tecnología	  y	  Movilidad,	  Universidad	  Rey	  Juan	  Carlos	  y	  Gobierno	  de	  Madrid,	  2011.	  Web.	  16	  April	  2014.	  http://www.catedraetm.es/uploads/ficheros/paginas/descargas/201205/descargas-­‐bicing-­‐es.pdf	  	  	   	  






5 REPOSITIONING	  METRICS	  
	   	  
	   xxx	  
Average	  cruising	  speed	  
of	  a	  repositioning	  van	   21	   [km/h]	   Source:	  [10]	  
vk	  
Definit
ion	   Average	  speed	  at	  which	  a	  van	  can	  circulate	  during	  the	  repositioning	  operations.	  This	  value	  comes	  directly	  from	  the	  average	  cruising	  speed	  for	  motorized	  vehicles	  in	  the	  city	  of	  Barcelona	  found	  in	  [10].	  	  Sources:	  [10]	  Ajuntament	  de	  Barcelona.	  Mobilitat.	  “2013.	  Dades	  bàsiques	  de	  Mobilitat”.	  February	  2014.	  Web.	  17	  April	  2014	  	  
Bicycle	  capacity	  of	  a	  
repositioning	  van	   32	   [units]	   Source:	  [18]	  
K	  
Definit
ion	   The	  capacity	  of	  a	  repositioning	  van	  is	  of	  around	  16	  bicycles	  and	  that	  of	  a	  trailer	  is	  16	  also,	  thus	  the	  total	  average	  capacity	  of	  a	  repositioning	  vehicle	  is	  32	  bicycles.	  
	  Sources:	  [18]	  Information	  provided	  by	  Clear	  Channel	  	  
Average	  time	  to	  
load/unload	  one	  bicycle	   0,01	   [h]	   Source:	  [18]	  
δ 	  
Definit
ion	   The	  time	  to	  load	  or	  unload	  a	  van	  completely	  is	  20	  minutes.	  Taking	  into	  account	  the	  vehicle’s	  capacity,	  it	  leads	  to	  0,625	  minutes/bicycle,	  which	  is	  equivalent	  to	  0,01h.	  
	  Sources:	  [18]	  Information	  provided	  by	  Clear	  Channel	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	   xxxi	  
Portion	  of	  stations	  not	  visited	  
every	  h	  due	  to	  low	  added	  value	   0,4456	   [-­‐]	   Source:	  [2]	  
F	  
Definit
ion	   During	  repositioning	  operations,	  a	  certain	  number	  of	  stations	  are	  not	  visited	  because	  there	  are	  too	  few	  bicycles	  to	  move.	  This	  means	  that	  the	  added	  value	  of	  stopping	  at	  that	  station	  would	  be	  too	  small	  to	  make	  it	  worthy	  of	  the	  stop.	  F	  determines	  the	  portion	  of	  stations	  that	  won’t	  be	  visited	  every	  h	  because	  of	  this	  fact.	  
Raw	  da
ta	  
zM	  –	  Significant	  maximum	  height	  of	  the	  stations	   110	   [m]	   Source:	  [2]	  
Definit
ion	   The	  highest	  station	  is	  at	  138m	  above	  the	  sea	  level.	  However,	  there	  are	  very	  few	  stations	  at	  these	  heights.	  Thus,	  the	  cumulative	  distribution	  of	  stations	  with	  height	  has	  been	  plotted.	  This	  has	  showed	  an	  almost	  linear	  distribution	  up	  to	  99%	  of	  the	  stations,	  which	  corresponds	  to	  a	  height	  of	  110m.	  h	  –	  Repositioning	  period	   6,83	   [h]	   Source:	  [2]	  
Definit
ion	   See	  Decision	  Variables	  for	  the	  detailed	  explanation	  on	  how	  the	  repositioning	  period	  is	  found.	  λh	  –	  Average	  demand	  in	  period	  h=24	  hours	   58,71	   [trips/(h·km2)]	   Source:	  [2]	  
Definit
ion	   See	  Service	  Area	  for	  the	  detailed	  explanation	  on	  how	  the	  average	  daily	  demand	  is	  found,	  which	  is	  applicable	  to	  any	  period	  h.	  
P(α)	  –	  Portion	  of	  uphill	  trips	  lost	  due	  to	  the	  slope	   0,092	   [-­‐]	   Source:	  [2]	  
Definit
ion	   See	  Users’	  Behaviour	  for	  the	  detailed	  explanation	  on	  how	  the	  portion	  of	  uphill	  trips	  lost	  due	  to	  the	  slope	  is	  found.	  
k	  –	  Threshold	  that	  will	  determine	  which	  stations	  are	  visited	  and	  which	  not	   4	   [bicycles]	   Source:	  [-­‐]	  
Definit
ion	   This	  threshold	  is	  a	  decision	  variable.	  In	  order	  to	  match	  the	  definition	  of	  repositioning	  in	  the	  treatment	  of	  data,	  a	  limit	  of	  4	  is	  decided,	  but	  it	  is	  subject	  to	  optimisation.	  
Estima
tion	  pr
ocess	   F	  is	  estimated	  through	  the	  average	  unbalance	  of	  the	  system	  during	  a	  period	  h.	  Unbalance	  is	  linear	  with	  height	  by	  definition	  and	  has	  units	  of	  bicycles	  per	  unit	  area.	  It	  is	  equivalent	  to	  say	  that	  F	  is	  the	  fraction	  of	  stations	  with	  k	  or	  less	  repositioning	  movements	  and	  to	  say	  it	  is	  the	  fraction	  of	  height	  at	  where	  the	  density	  of	  repositioning	  movements	  is	  smaller	  than	  k	  times	  the	  station	  density.	  Therefore:	  	   𝐹 = 2 · 𝑧!𝑧! ; 𝑧! = 𝑘 · Λ · 𝑧!4 · 𝜆! · 𝑃 𝛼 · ℎ       →           𝐹 = 𝑘 · Λ2 · 𝜆! · 𝑃 𝛼 · ℎ = 0,4456	  	  Sources:	  [2]	  Bicing	  data	  recorded	  from	  the	  web	  service	  on	  the	  7th	  May	  2014.	  http://wservice.viabicing.cat/v1/getstations.php?v=1	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Density	  of	  stations	  to	  be	  rebalanced	  
every	  h	   2,55	   [stats./km2]	   Source:	  [2]	  
ΔR	  
Definit
ion	   Not	  all	  stations	  will	  be	  visited	  every	  h	  in	  order	  to	  carry	  out	  rebalancing	  movements:	  • A	  “P”	  fraction	  of	  stations	  will	  not	  be	  visited	  at	  each	  rebalancing	  period	  due	  to	  the	  fact	  that	  we	  accept	  a	  “P”	  probability	  of	  no	  service	  
• Only	  those	  stations	  that	  need	  more	  rebalancing	  movements	  than	  a	  certain	  threshold	  will	  be	  visited,	  so	  an	  “F”	  fraction	  of	  stations	  is	  not	  visited	  every	  h,	  but	  with	  a	  higher	  periodicity	  
Raw	  da
ta	  
Δ	  –	  Density	  of	  stations	   8,22	   [stats./km2]	   Source:	  [2]	  
Definit
ion	   Number	  of	  stations	  in	  the	  system	  (403)	  per	  square	  kilometre	  of	  service	  area	  (49	  km2)	  	  
P	  –	  Probability	  of	  no	  service	   0,1923	   [-­‐]	   Source:	  [2]	  
Definit
ion	   Accepted	  probability	  of	  no	  service	  in	  the	  system,	  assuming	  no	  service	  when	  no	  bicycles	  are	  found	  at	  the	  desired	  pick	  up	  station	  or	  no	  slots	  at	  the	  destination.	  F	  –	  Fraction	  of	  stations	  not	  visited	  every	  h	   0,4456	   [-­‐]	   Source:	  [2]	  
Definit
ion	   See	  F	  in	  this	  section	  (Repositioning	  Performance	  Metrics).	  
R	  –	  Service	  area	   49	   [km2]	   Source:	  [1]	  
Definit
ion	   Service	  area	  of	  the	  Bicing	  system.	  
Estima
tion	  pr
ocess	   The	  fraction	  of	  stations	  that	  are	  visited	  every	  h	  is	  given	  by	  PR:	  𝑃! = 1 − 𝑃! − 𝑃! − 1 − 1𝑛!∗!!!
!! · 𝐹 = 0,3099	  
Where	  𝑃! = 𝑃! = 0,1923    ;           𝑛∗ = !!!!∆!!!! = 13	  	   ∆!= 𝑃! · ∆= 2,55  𝑠𝑡𝑎𝑡𝑠/𝑘𝑚!	  	  	  Sources:	  [1]	  López	  Rodríguez,	  Àngel.	  “Bicing	  –	  El	  transporte	  público	  individual	  de	  Barcelona”.	  Cátedra	  de	  
Ecotransporte,	  Tecnología	  y	  Movilidad,	  Universidad	  Rey	  Juan	  Carlos	  y	  Gobierno	  de	  Madrid,	  2011.	  Web.	  16	  April	  2014.	  http://www.catedraetm.es/uploads/ficheros/paginas/descargas/201205/descargas-­‐bicing-­‐es.pdf	  [2]	  Bicing	  data	  recorded	  from	  the	  web	  service	  on	  the	  7th	  May	  2014.	  http://wservice.viabicing.cat/v1/getstations.php?v=1	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Average	  working	  speed	  of	  the	  
repositioning	  vans	   3,06	   [km/h]	  
vR	  
Definit
ion	   Average	  speed	  at	  which	  the	  repositioning	  is	  done,	  taking	  into	  account	  the	  total	  distance	  travelled,	  the	  time	  it	  takes	  to	  travel	  this	  distance	  and	  the	  time	  it	  takes	  to	  carry	  out	  all	  the	  repositioning	  movements.	  
Raw	  da
ta	  
vk	  –	  Average	  cruising	  speed	  of	  a	  repositioning	  van	   21	   [km/h]	  
Definit
ion	   See	  vk	  in	  this	  section	  (Repositioning	  Performance	  Metrics).	  
λh	  –	  Average	  demand	  in	  period	  h=6,83	  hours	   58,71	   [trips/(h·km2]	   Source:	  [2]	  
Definit
ion	   See	  Service	  Area	  for	  the	  detailed	  explanation	  on	  how	  the	  average	  daily	  demand	  is	  found,	  which	  is	  applicable	  to	  any	  period	  h.	  
Δ	  –	  Density	  of	  stations	   8,22	   [units/km2]	   Source:	  [2]	  
Definit
ion	   The number of stations per square kilometre in the service area (49km2). 
h	  –	  Repositioning	  period	   6,83	   [hours]	   Source:	  [2]	  
Definit
ion	   How	  often	  repositioning	  operations	  are	  carried	  out	  in	  the	  system.	  
P(α)	  –	  Portion	  of	  uphill	  trips	  lost	   0,092	   [-­‐]	   Source:	  [2]	  
Definit
ion	   See	  P(α)	  in	  the	  Users	  Behaviour	  section.	  
δ	  -­‐	  Average	  time	  to	  load/unload	  one	  bicycle	   0,01	   [hours]	   Source:	  [18]	  
Definit
ion	   See	  δ	  in	  this	  section	  (Repositioning	  Metrics).	  
R	  –	  Service	  area	   49	   [km2]	   Source:	  [1]	  
Definit
ion	   See	  R	  in	  the	  Service	  Area	  section.	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ΔR	  –	  Density	  of	  stations	  to	  be	  rebalanced	  every	  h	   2,55	   [stats./km2]	   Source:	  [2]	  
Definit
ion	   See	  ΔR	  in	  this	  section	  (Repositioning	  Metrics).	  
K	  –	  Bicycle	  capacity	  of	  a	  repositioning	  van	   32	   [units]	   Source:	  [18]	  
Definit




The	  working	  speed	  of	  a	  repositioning	  team	  is	  obtained	  when	  dividing	  the	  total	  repositioning	  distance	  over	  the	  total	  repositioning	  time,	  including	  loading	  and	  unloading	  operations.	  The	  expression	  for	  this	  speed,	  obtained	  in	  the	  model,	  is	  the	  following:	  
𝑣! = 1𝑣! +
2𝜆!Λℎ + 𝜆!𝑃(𝛼)2 · 2𝛿𝑅𝑟𝑒𝑝𝑜. 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
!!
= 3,06  𝑘𝑚/ℎ	  
Where:	   𝑟𝑒𝑝𝑜. 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 1,1 · Λ!ℎ + 2 · 𝜆! · 𝑃 𝛼 · 𝑅3𝐾 · 𝑅 = 51,19  𝑘𝑚	  	  	  Sources:	  [1]	  López	  Rodríguez,	  Àngel.	  “Bicing	  –	  El	  transporte	  público	  individual	  de	  Barcelona”.	  Cátedra	  de	  
Ecotransporte,	  Tecnología	  y	  Movilidad,	  Universidad	  Rey	  Juan	  Carlos	  y	  Gobierno	  de	  Madrid,	  2011.	  Web.	  16	  April	  2014.	  http://www.catedraetm.es/uploads/ficheros/paginas/descargas/201205/descargas-­‐bicing-­‐es.pdf	  [2]	  Bicing	  data	  recorded	  from	  the	  web	  service	  on	  the	  7th	  May	  2014.	  http://wservice.viabicing.cat/v1/getstations.php?v=1	  [18]	  Information	  provided	  by	  Clear	  Channel	  	   	  






6 REPOSITIONING	  COSTS	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Investment	  cost	  in	  repositioning	  vehicles	   0,37	   [€/h]	  
Ct_iv	  
Definit
ion	   Cost	  of	  acquisition	  of	  the	  vehicles	  used	  in	  the	  repositioning	  operations.	  This	  includes	  the	  prorated	  cost	  of	  the	  vans	  and	  the	  trailers.	  
Raw	  da
ta	  
Cost	  of	  acquisition	  of	  a	  van	   21387	   [€]	   Source:	  [11]	  
Definit
ion	   The	  vans	  used	  for	  the	  repositioning	  of	  the	  bicycles	  are	  Renault	  Master,	  whose	  cost	  is	  the	  one	  stated	  above.	  
Cost	  of	  acquisition	  of	  a	  trailer	   4235	   [€]	   Source:	  [12]	  
Definit
ion	   Estimation	  of	  the	  cost	  of	  the	  trailer	  attached	  at	  the	  back	  of	  the	  vans.	  The	  price	  found	  in	  [12]	  is	  the	  one	  for	  a	  certain	  kind	  of	  platforms	  that	  match	  the	  dimensions	  of	  the	  trailers	  in	  Bicing.	  They	  are	  more	  expensive	  than	  the	  average	  trailers	  but	  it	  was	  considered	  that	  this	  augmentation	  accounted	  for	  the	  attachment	  system	  that	  has	  to	  be	  installed.	  Useful	  life	  of	  a	  repositioning	  vehicle	   8	   [years]	   Source:	  [-­‐]	  
Definit
ion	   Estimated	  useful	  life	  of	  the	  repositioning	  vans.	  It	  corresponds	  to	  a	  useful	  life	  of	  about	  200000	  km	  given	  that,	  according	  to	  Enrique	  Ugart	  in	  [13],	  a	  repositioning	  van	  travels	  24000km	  every	  year.	  	  
Estima
tion	   proces
s	   Dividing	  each	  acquisition	  cost	  by	  the	  useful	  life	  of	  the	  vehicles	  in	  years	  gives	  the	  investment	  cost	  per	  year	  of	  each	  of	  them.	  Adding	  them	  up	  gives	  the	  total	  investment	  cost	  per	  year	  of	  one	  repositioning	  unit	  (van+trailer),	  which	  can	  be	  easily	  transformed	  into	  cost	  per	  hour*.	  	  *Considering	  a	  24	  hour	  working	  shift	  per	  day,	  365	  days	  per	  year.	  	  Source:	  [11]	  Renault’s	  website.	  2	  May	  2014.	  	  http://www.renault.es/gama-­‐renault/renault-­‐vehiculoscomerciales/gama-­‐master/master/precios-­‐y-­‐especificaciones/	  [12]	  Remolques	  cuní.	  1	  May	  2014.	  www.remolquescuni.com	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Operation	  cost	  of	  the	  repositioning	  vehicles	   0,58	   [€/h]	  
Ct_o	  
Definit
ion	   Cost	  of	  operation	  of	  the	  vehicles	  used	  in	  the	  repositioning	  operations.	  This	  includes	  maintenance	  (with	  the	  tires	  considered	  separately),	  fuel,	  taxes	  and	  insurance.	  
Raw	  da
ta	  
Preventive	  maintenance	   0,00958	   [€/km]	   Source:	  [26]&[-­‐]	  
Definit
ion	   From	  [26]	  one	  can	  obtain	  that	  the	  average	  cost	  for	  preventive	  maintenance	  of	  a	  car	  is	  784	  €	  every	  90000	  km.	  For	  the	  trailer,	  it	  seems	  reasonable	  to	  consider	  10%	  of	  the	  maintenance	  of	  a	  car,	  which	  would	  be	  78,4	  €	  every	  90000	  km.	  The	  addition	  of	  the	  two	  costs	  divided	  over	  90000	  km	  yields	  the	  average	  preventive	  maintenance	  cost	  of	  a	  full	  repositioning	  team.	  Repairs	   0,0223	   [€/km]	   Source:	  [26]&[-­‐]	  
Definit
ion	   Repairs	  represent,	  on	  average,	  a	  cost	  of	  1825	  €	  every	  90000	  km,	  accounting	  for	  repairs	  of	  actual	  breakdowns	  and	  pieces	  replacements.	  Again,	  it	  seems	  appropriate	  to	  consider	  that	  repairs	  for	  a	  trailer	  are	  a	  10%	  of	  those	  of	  the	  vehicle,	  which	  is	  182,5	  €	  /	  90000	  km.	  The	  addition	  of	  the	  two	  costs	  is	  the	  average	  repairs	  cost	  of	  a	  repositioning	  team	  Tires	   0,00822	   [€/km]	   Source:	  [14]&[26]	  
Definit
ion	   The	  average	  price	  for	  the	  type	  of	  tires	  in	  a	  van	  is	  540€	  [14]	  for	  the	  full	  set	  and	  as	  an	  average	  it	  is	  changed	  every	  90000km	  [26].	  For	  the	  trailer,	  it	  has	  been	  estimated	  that	  a	  full	  set	  may	  cost	  200€	  and	  is	  renewed	  also	  every	  90000km.	  By	  dividing	  the	  tires’	  cost	  by	  the	  km,	  the	  cost	  per	  km	  is	  obtained.	  Fuel	   0,1201	   [€/km]	   Source:	  [11]&[15]	  
Definit
ion	   The	  average	  fuel	  consumption	  of	  the	  Renault	  Mater	  is	  9,1l/100km	  [11],	  and	  the	  average	  diesel	  price	  in	  Barcelona	  is	  of	  1,32€/l	  (2014)	  [15].	  Multiplying	  the	  consumption	  times	  the	  fuel	  price	  and	  dividing	  by	  100km	  gives	  the	  cost	  per	  km.	  Taxes	   0,0175	   [€/h]	   Source:	  [16]&[28]&[29]	  
Definit
ion	   There	  are	  two	  kind	  of	  taxes:	  a	  registration	  tax	  of	  452	  €	  [28]	  for	  the	  van	  and	  95,8	  €	  [16]	  for	  the	  trailer,	  only	  paid	  once,	  and	  a	  yearly	  tax	  of	  84,56	  €	  [29]	  for	  the	  van.	  To	  obtain	  the	  hourly	  cost	  of	  the	  registration	  tax,	  the	  useful	  life	  of	  the	  vehicles	  is	  used.	  	  Insurance	   0,0767	   [€/h]	   Source:	  [27]&[-­‐]	  
Definit
ion	  
In	  [27]	  a	  range	  of	  insurance	  prices	  is	  given	  depending	  on	  their	  type,	  going	  from	  378	  €/year	  for	  the	  basic	  insurance	  up	  to	  1053	  €/y	  for	  the	  full	  coverage,	  with	  two	  intermediate	  categories.	  The	  average	  price	  per	  year	  of	  the	  four	  kinds	  of	  insurance	  is	  610,75	  €/year.	  	  	  	  	  	  	  	  vR	  –	  Average	  working	  speed	   3,06	   [km/h]	   Source:	  [2]	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Definit
ion	   See	  vR	  in	  the	  Repositioning	  Metrics	  section.	  	  
Useful	  life	  of	  a	  repositioning	  vehicle	   8	   [years]	   Source:	  [-­‐]	  
Definit
ion	   Estimated	  useful	  life	  of	  the	  repositioning	  vans.	  It	  corresponds	  to	  a	  useful	  life	  of	  about	  200000	  km	  given	  that,	  according	  to	  Enrique	  Ugart	  in	  [13],	  a	  repositioning	  van	  travels	  24000km	  every	  year.	  	  
Estima
tion	   proces
s	   All	  the	  data	  in	  units	  of	  €/km	  has	  to	  be	  transformed	  into	  €/h.	  This	  will	  be	  done	  dividing	  the	  costs	  over	  the	  average	  working	  speed	  vR.	  Once	  everything	  in	  the	  right	  units,	  the	  simple	  addition	  of	  the	  costs	  in	  raw	  data	  will	  give	  the	  operation	  costs	  of	  a	  repositioning	  vehicle.	  
	  Sources:	  [2]	  	  	  	  Bicing	  data	  recorded	  from	  the	  web	  service	  on	  the	  7th	  May	  2014.	  http://wservice.viabicing.cat/v1/getstations.php?v=1	  [11]	  Renault’s	  website.	  2	  May	  2014.	  	  http://www.renault.es/gama-­‐renault/renault-­‐vehiculoscomerciales/gama-­‐master/master/precios-­‐y-­‐especificaciones/	  [14]	  Norauto.	  March	  2015.	  	  http://www.norauto.es/producto/neumatico-­‐furgoneta-­‐goodyear-­‐cargo-­‐vector-­‐215-­‐65-­‐r16-­‐106-­‐t_188712.html	  [15]	  El	  País.	  March	  2015.	  http://servicios.elpais.com/gasolineras	  [16]	  Oficina	  Virtual.	  	  Ajuntament	  de	  Barcelona.	  March	  2015.	  https://w30.bcn.cat/APPS/portaltramits/portal/channel/default.html?&stpid=19970000542&language=es&style=empresa	  [26]	  El	  Mundo.	  “El	  combustible	  es	  el	  66%	  del	  gasto	  en	  mantener	  un	  coche”.	  23/05/2011.	  Web.	  November	  2015.	  http://www.elmundo.es/elmundomotor/2011/05/23/conductores/1306145192.html	  [27]	  Eroski	  Consumer.	  “¿Qué	  gastos	  acarrea	  tener	  un	  coche?”.	  24/10/2012.	  Web.	  November	  2015	  http://www.consumer.es/web/es/motor/compra_coche/2012/10/24/213877.php	  [28]	  Agencia	  Tributaria.	  Estadística	  del	  impuesto	  de	  matriculación.	  November	  2015	  http://www.agenciatributaria.es/AEAT/Contenidos_Comunes/La_Agencia_Tributaria/Estadisticas/Publicaciones/sites/matriculaciones/2014/jrubikf3296901c24c0771af49f5f8fae228541670da076.html	  [29]	  Oficina	  Virtual.	  Ajuntament	  de	  Barcelona.	  November	  2015	  https://w30.bcn.cat/APPS/portaltramits/portal/channel/default.html?&stpid=20070000444&style=ciudadano	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Repositioning	  labor	  cost	   12,08	   [€/h]	  
Ct_l	  
Definit
ion	   Cost	  per	  hour	  of	  one	  person	  working	  on	  the	  repositioning	  process,	  assuming	  there	  is	  only	  one	  person	  per	  repositioning	  team.	  
Raw	  da
ta	  
Annual	  average	  wedge	  of	  a	  Bicing	  operator	   21739,13	   [€]	   Source:	  [1]	  
Definit
ion	   In	  [1]	  there	  is	  the	  estimate	  cost	  of	  the	  Bicing’s	  personnel:	  5M€.	  In	  the	  same	  report	  it	  is	  stated	  that	  there	  are	  230	  service	  workers	  at	  Bicing	  so	  dividing	  the	  first	  by	  the	  second	  gives	  the	  average	  wedge.	  Of	  these	  230	  workers,	  115	  are	  staffed	  at	  the	  repositioning	  service.	  Maximum	  working	  hours	  a	  year	   1800	   [h]	   Source:	  [17]	  
Definit
ion	   By	  law,	  the	  maximum	  number	  of	  work	  hours	  in	  a	  year	  is	  1826	  and	  27	  minutes.	  To	  round	  up,	  1800	  hours	  have	  been	  considered.	  
Estima
tion	   proces
s	   Taking	  the	  average	  annual	  wedge	  of	  a	  worker	  and	  dividing	  it	  by	  the	  1800	  hours	  gives	  the	  average	  income	  per	  hour	  of	  a	  worker	  in	  the	  repositioning	  service.	  	  	  	  Sources:	  [1]	  	  	  López	  Rodríguez,	  Àngel.	  “Bicing	  –	  El	  transporte	  público	  individual	  de	  Barcelona”.	  Cátedra	  de	  
Ecotransporte,	  Tecnología	  y	  Movilidad,	  Universidad	  Rey	  Juan	  Carlos	  y	  Gobierno	  de	  Madrid,	  2011.	  Web.	  16	  April	  2014.	  http://www.catedraetm.es/uploads/ficheros/paginas/descargas/201205/descargas-­‐bicing-­‐es.pdf	  [17]	  “Tiempo	  de	  trabajo	  y	  descansos”,	  Federación	  de	  Sanidad	  y	  Sectores	  
Sociosanitarios,	  CCOO.	  April	  2015.	  http://www.sanidad.ccoo.es/comunes/recursos/15617/doc68376_Tiempo_de_trabajo_y_descansos.pdf	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Repositioning	  costs	   13,03	   [€/h]	  
Ct	  
Definit
ion	   Cost	  per	  hour	  of	  the	  repositioning	  operations,	  accounting	  for	  the	  investment,	  the	  operation	  and	  the	  labour	  costs.	  This	  cost	  per	  hour	  includes	  one	  repositioning	  vehicle	  (van	  +	  trailer)	  and	  one	  worker.	  
Raw	  da
ta	  
Investment	  cost	  of	  a	  repositioning	  vehicle	   0,37	   [€/h]	  
Definit
ion	   Cost	  per	  hour	  of	  a	  repositioning	  vehicle,	  which	  includes	  a	  van	  and	  a	  trailer.	  
Operation	  cost	  of	  the	  repositioning	  vehicle	   0,58	   [€/h]	  
Definit
ion	   Cost	  per	  hour	  of	  the	  operation	  of	  the	  repositioning	  vehicles,	  including	  maintenance,	  repairs,	  fuel,	  taxes	  and	  insurance.	  
Labour	  cost	  of	  the	  repositioning	  	   12,08	   [€/h]	  
Definit
ion	   Cost	  per	  hour	  of	  a	  worker	  of	  the	  repositioning	  service.	  
Estima
tion	   proces
s	   The	  addition	  of	  the	  three	  terms	  listed	  above	  provides	  the	  repositioning	  cost	  per	  hour.	  
	  	   	  






7 DECISION	  VARIABLES	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Decision	  variables	  
Definit
ion	   Variables	  that	  will	  allow	  comparing	  the	  results	  of	  the	  model	  with	  the	  value	  they	  have	  for	  the	  real	  system.	  
Variab
les	  
Number	  of	  bicycles	  in	  service	  (m)	   5206	   [units]	   Source:	  [2]	  
Definit
ion	   Number	  of	  bicycles	  available	  for	  the	  users.	  
Number	  of	  operative	  stations	   403	   [units]	   Source:	  [2]	  
Definit
ion	   Number	  of	  stations	  in	  the	  Bicing	  system.	  
Δ 	  -­‐	  Density	  of	  stations	   8,22	   [units/km2]	   Source:	  [2]&[1]	  
Definit
ion	   The	  number	  of	  stations	  per	  square	  kilometre	  in	  the	  service	  area	  (49km2).	  
Size	  of	  the	  stations	   Value	   [units]	   Source:	  
Definit
ion	  
Total	  number	  of	  slots:	  	   10246	   [slots]	   [2]	  Average	  size	  of	  a	  station	   25,42	   [slots]	   [2]	  Maximum	  size	  of	  a	  station	   39	   [slots]	   [2]	  Minimum	  size	  of	  a	  station	   9	   [slots]	   [2]	  Histogram	  
	  Ratio	  slots/bicycle	   1,97	   [-­‐]	   Source:	  [2]&[4]	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  3	  Estimated	  by	  dividing	  the	  24	  hours	  of	  a	  day	  over	  the	  average	  number	  of	  visits	  in	  a	  station	  in	  one	  day	  (3,51).	  With	  this	  repositioning	  period,	  both	  periodic	  (every	  24	  hours)	  and	  continuous	  repositioning	  are	  taken	  into	  account.	  
Definit
ion	  
There	  are	  a	  total	  of	  10246	  slots	  for	  a	  fleet	  size	  of	  5206	  bicycles,	  which	  gives	  a	  ratio	  slots/bicycles	  of	  1,71.	  	  
h	  –	  Repositioning	  period3	   6,83	   [h]	   Source:	  [2]	  
	  
Total	  repo.	  movements	   3845	   [units]	   [2]	  Average	  repo.	  rate	   160,2	   [units/h]	   [2]	  Repositioning	  with	  time	  
	  %	  stations	  visited	  
	  Average	  number	  of	  visits	  in	  a	  station	  in	  one	  day	   3,51	   [units]	   Source:	  [2]	  
P	  –	  Probability	  of	  no	  service	   0,1923	   [-­‐]	   Source:	  [2]	  
	   xliv	  
	  Sources:	  [1]	  López	  Rodríguez,	  Àngel.	  “Bicing	  –	  El	  transporte	  público	  individual	  de	  Barcelona”.	  Cátedra	  de	  
Ecotransporte,	  Tecnología	  y	  Movilidad,	  Universidad	  Rey	  Juan	  Carlos	  y	  Gobierno	  de	  Madrid,	  2011.	  Web.	  16	  April	  2014.	  http://www.catedraetm.es/uploads/ficheros/paginas/descargas/201205/descargas-­‐bicing-­‐es.pdf	  [2]	  Bicing	  data	  recorded	  from	  the	  web	  service	  on	  the	  7th	  May	  2014.	  http://wservice.viabicing.cat/v1/getstations.php?v=1	  [4]	  Bicing’s	  website,	  Ajuntament	  de	  Barcelona.	  Visited	  several	  times.	  	  www.bicing.cat	  	   	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  4	  The	  maximum	  percentage	  of	  simultaneously	  full	  and	  empty	  stations	  is	  a	  proxy	  for	  the	  probability	  of	  no	  service.	  
	  
Probability	  of	  no	  service4	  
	  
k	  –	  Threshold	  that	  will	  
determine	  which	  stations	  are	  
visited	  and	  which	  not	  
4	   [bicycles]	   Source:	  [-­‐]	  
Definit
ion	   In	  order	  to	  match	  the	  definition	  of	  repositioning	  in	  the	  treatment	  of	  data,	  a	  limit	  of	  4	  is	  decided,	  but	  it	  is	  subject	  to	  optimisation.	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Portion	  of	  uphill	  trips	  lost	   0,046	   [-­‐]	  Pe(α)	  
Definit
ion	   Portion of uphill trips that are lost due to the average slope of the city α . 	   	  	   	  
Raw	  da
ta	   Portion	  of	  uphill	  trips	  lost	  P(α)	   0,092	   [-­‐]	   Source:	  [2]	  
Definit
ion	   Portion of uphill trips that are lost due to the average slope of the city (α)	  with	  normal	  bicycles. 	   	  	   	  
Raw	  da
ta	   Power	  supplied	  by	  the	  e-­‐bicycle	  (in	  %	  of	  cycling	  force)	   100	   [%]	   Source:	  [19]	  
Definit
ion	   The	  type	  of	  electrical	  bicycle	  chosen	  by	  Bicing	  to	  run	  the	  pilot	  is	  that	  which	  assists	  the	  cycling	  only	  when	  applying	  force	  [4].	  That	  is,	  if	  the	  user	  stops	  pedalling,	  then	  the	  engine	  stops	  too.	  The	  bicycles	  have	  three	  levels	  of	  assistance,	  which	  usually	  are	  50%,	  100%	  and	  150%	  of	  the	  pedalling	  force.	  So,	  as	  an	  average,	  the	  assistance	  equals	  the	  pedalling	  force.	  
Estima
tion	   proces
s	   If	  the	  average	  assistance	  is	  of	  100%	  of	  the	  pedalling	  force,	  then	  a	  user	  will	  be	  able	  to	  travel	  the	  same	  distance	  with	  half	  the	  force.	  It	  has	  then	  been	  considered	  a	  good	  estimate	  to	  divide	  P(α)	  by	  2	  in	  order	  to	  obtain	  Pe(α),	  though	  probably	  there	  is	  no	  linear	  relation.	  Thus,	  with	  electrical	  bicycles	  only	  half	  the	  trips	  are	  lost	  in	  comparison	  to	  conventional	  bicycles.	  	  Sources:	  [2]	  	  	  	  Bicing	  data	  recorded	  from	  the	  web	  service	  on	  the	  7th	  May	  2014	  http://wservice.viabicing.cat/v1/getstations.php?v=1	  [19]	  Lorca	  Biciudad.	  2	  April	  2014.	  http://lorcabiciudad.es/index.php?option=com_content&view=article&id=139:las-­‐%C2%AD-­‐bicicletas-­‐%C2%AD-­‐electricas&catid=14:montar-­‐%C2%AD-­‐en-­‐%C2%AD-­‐bici&Itemid=11 	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ion	   Cost of acquisition of one bicycle, in €/bicycle and prorated with time. It is approximately the double the with relation to regular bicycles. 	   	  	   	  
Raw	  da
ta	  
Acquisition	  cost	  of	  an	  e-­‐bicycle	   1200	   [€]	   Source:	  [20]	  
Definit
ion	  
According	  to	  J.	  M.	  Deulofeu,	  director	  of	  Transport	  Services	  of	  BSM,	  electrical	  bicycles	  have	  a	  cost	  3	  or	  4	  times	  higher	  than	  that	  of	  a	  conventional	  bicycle	  of	  Bicing.	  The	  estimated	  cost	  of	  a	  conventional	  bicycle	  is	  400€,	  so	  an	  e-­‐bicycle	  costs	  1200€.	  (Four	  times	  the	  cost	  of	  a	  conventional	  bicycle	  was	  considered	  too	  high	  according	  to	  other	  information	  found.)	  Given	  that	  the	  system	  counts	  with	  300	  e-­‐bicycles,	  the	  total	  investment	  cost	  was	  of	  360000€.	  	   	   	   	  
Raw	  da
ta	   Useful	  life	  of	  an	  e-­‐bicycle	   1,7	   [years]	   Source:	  [-­‐]	  
Definit
ion	   Considered	  equal	  to	  conventional	  bicycles.	  
Estima
tion	   proces
s	   The	  cost	  per	  hour	  is	  obtained	  dividing	  the	  acquisition	  cost	  by	  the	  useful	  life	  in	  years	  and	  then	  considering	  that	  Bicing	  is	  open	  365	  days,	  24	  hours	  a	  day.	  
	  Sources:	  [20]	  El	  País.	  “Barcelona	  estrena	  el	  Bicing	  eléctrico	  con	  23	  estaciones	  y	  150	  bicis”.	  15	  December	  2014.	  Web.	  March	  2015.	  http://ccaa.elpais.com/ccaa/2014/12/15/catalunya/1418643614_836869.html	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Investment	  cost	  of	  e-­‐bicycle	  stations	   0,04	   [€/bike/h]	  
γs_e	  
Definit
ion	   The	  cost	  of	  setting	  up	  one	  station	  prorated	  with	  the	  number	  of	  bicycles	  and	  with	  time,	  approximately	  the	  double	  of	  the	  cost	  of	  regular	  stations.	  
Raw	  da
ta	  
Ratio	  slots/bicycles	   2	   [-­‐]	   Source:	  [22]	  
Definit
ion	   This	  ratio	  accounts	  for	  the	  total	  number	  of	  slots	  in	  the	  e-­‐Bicing	  system	  (600,	  from	  [22])	  divided	  by	  the	  fleet	  size	  (300,	  from	  [22]).	  
Useful	  life	  of	  a	  station	   10	   [years]	   Source:	  [-­‐]	  
Definit
ion	   The	  number	  years	  that	  a	  station	  is	  supposed	  to	  be	  in	  good	  condition	  to	  operate	  with	  the	  needed	  maintenance.	  	  It	  has	  been	  considered	  equal	  to	  the	  useful	  life	  of	  conventional	  stations.	  Total	  investment	  cost	  of	  e-­‐Bicycles	   360000	   [€]	  
Definit
ion	   See	  Investment	  Cost	  of	  e-­‐Bicycles	  in	  this	  section	  (e-­‐Bicycles).	  An	  individual	  bicycle	  has	  a	  cost	  of	  1200	  €.	  The	  fleet	  of	  the	  e-­‐bicycle	  Bicing	  is	  of	  300	  units,	  so	  the	  total	  investment	  costs	  are	  360000	  €.	  
%	  of	  the	  total	  investment	  cost	  that	  accounts	  for	  stations	   75	   [%]	   Source:	  [1]	  
Definit
ion	  




Knowing	  the	  investment	  cost	  of	  the	  e-­‐Bicycles	  and	  that	  they	  account	  for	  25%	  of	  the	  total	  investment	  costs,	  these	  total	  costs	  can	  be	  calculated	  (1,44M€).	  The	  75%	  of	  the	  1,44M€	  will	  be	  the	  total	  estimated	  cost	  of	  the	  stations	  (1,08M€).	  Afterwards,	  the	  yearly	  cost	  of	  the	  stations	  is	  found:	  1,08  𝑀€10  𝑦𝑒𝑎𝑟𝑠 = 0,108 𝑀€𝑦𝑒𝑎𝑟	  Knowing	  the	  total	  number	  of	  slots	  in	  the	  system,	  then:	  108000€/𝑦𝑒𝑎𝑟600  𝑠𝑙𝑜𝑡𝑠 = 180 €𝑠𝑙𝑜𝑡 · 𝑦𝑒𝑎𝑟	  It	  is	  more	  useful	  to	  prorate	  the	  cost	  of	  the	  stations	  with	  the	  number	  of	  bicycles	  in	  order	  to	  have	  uniform	  units	  in	  all	  the	  parameters.	  It	  is	  possible	  to	  calculate	  it	  either	  with	  the	  ratio	  slots/bicycles	  or	  with	  the	  fleet	  size:	  180 €𝑠𝑙𝑜𝑡 · 𝑦𝑒𝑎𝑟 · 2 𝑠𝑙𝑜𝑡𝑠𝑏𝑖𝑐𝑦𝑐𝑙𝑒 = 360 €𝑏𝑖𝑘𝑒 · 𝑦𝑒𝑎𝑟 = 0,04 €𝑏𝑖𝑘𝑒 · ℎ𝑜𝑢𝑟	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  Sources:	  [1]	  	  	  	  López	  Rodríguez,	  Àngel.	  “Bicing	  –	  El	  transporte	  público	  individual	  de	  Barcelona”.	  Cátedra	  de	  
Ecotransporte,	  Tecnología	  y	  Movilidad,	  Universidad	  Rey	  Juan	  Carlos	  y	  Gobierno	  de	  Madrid,	  2011.	  Web.	  16	  April	  2014.	  http://www.catedraetm.es/uploads/ficheros/paginas/descargas/201205/descargas-­‐bicing-­‐es.pdf	  [22]	  Unitat	  Bicing.	  “Projecte	  Bicing	  Elèctric	  2015-­‐2017”.	  Ajuntament	  de	  Barcelona,	  Barcelona	  Serveis	  Municipals.	  June	  2014.	  Web.	  March	  2015.	  http://w110.bcn.cat/Mobilitat/Continguts/Projecte%20bicing%20elèctric.pdf	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	   l	  
Administrative	  costs	   0,47	   [€/trip]	  
γa_e	  
Definit
ion	   Administrative	  and	  management	  costs	  of	  the	  e-­‐Bicing	  system	  per	  trip	  made.	  	   	  
Raw	  da
ta	  
Total	  investment	  costs	  	   1,44	   [M€]	   Source:	  [1]&[20]	  
Definit
ion	   See	  the	  estimation	  process	  in	  the	  Investment	  cost	  of	  e-­‐bicycle	  stations	  factsheet	  to	  see	  how	  it	  is	  calculated.	  
Total	  cost	  of	  the	  e-­‐Bicycle	  system	   5,1	   [M€]	   Source:	  [23]	  
Definit
ion	   Total	  cost	  of	  the	  pilot	  of	  the	  e-­‐bicycle	  system.	  According	  to	  I.	  Armengol,	  this	  is	  the	  total	  cost	  for	  a	  3,5	  years	  period	  of	  time.	  
Percentage	  of	  the	  total	  cost	  that	  accounts	  for	  administrative	  costs	   25	   [%]	   Source:	  [1]	  
Definit
ion	   Of	  the	  total	  operation	  costs,	  administration	  costs	  represent	  a	  25%	  of	  the	  total	  costs,	  assuming	  the	  same	  percentage	  than	  that	  of	  the	  conventional	  system.	  
Estimated	  trips	  in	  3,5	  years	   1950725	   [trips]	   Source:	  [10]	  
Definit
ion	  
Estimated	  number	  of	  trips	  during	  the	  3,5	  years	  that	  the	  trial	  period	  lasts.	  In	  order	  to	  estimate	  them,	  the	  total	  number	  of	  trips	  in	  2010	  are	  divided	  by	  the	  fleet	  size	  to	  find	  the	  trips	  per	  year	  and	  bicycle:	  11147000  𝑡𝑟𝑖𝑝𝑠6000  𝑏𝑖𝑐𝑦𝑐𝑙𝑒𝑠 = 1857,83 𝑡𝑟𝑖𝑝𝑠𝑏𝑖𝑐𝑦𝑐𝑙𝑒 · 𝑦𝑒𝑎𝑟	  Considering	  that	  the	  pilot	  has	  an	  estimated	  duration	  of	  3,5	  years,	  this	  leads	  to:	  1857,83 𝑡𝑟𝑖𝑝𝑠𝑏𝑖𝑐𝑦𝑐𝑙𝑒 · 𝑦𝑒𝑎𝑟 · 300  𝑏𝑖𝑐𝑦𝑐𝑙𝑒𝑠 · 3,5  𝑦𝑒𝑎𝑟𝑠 = 1950725  𝑡𝑟𝑖𝑝𝑠	  	  	  




	  The	  operation	  costs	  are	  calculated	  as	  the	  difference	  between	  the	  5,1M€	  of	  the	  total	  cost	  and	  the	  Investment	  Cost,	  of	  1,44M€	  and	  they	  are	  of	  3,66M€.	  The	  calculation	  of	  the	  25%	  of	  the	  total	  operation	  costs	  gives	  an	  estimate	  of	  the	  total	  administrative	  costs	  for	  the	  e-­‐Bicing	  system:	  0,25 · 3660000 = 915000€/3,5  𝑦𝑒𝑎𝑟𝑠	  If	  this	  cost	  is	  divided	  by	  the	  estimated	  trips	  during	  these	  3,5	  years,	  the	  cost	  per	  trip	  is	  found.	  	  	  Sources:	  [1]	  	  	  	  López	  Rodríguez,	  Àngel.	  “Bicing	  –	  El	  transporte	  público	  individual	  de	  Barcelona”.	  Cátedra	  de	  
Ecotransporte,	  Tecnología	  y	  Movilidad,	  Universidad	  Rey	  Juan	  Carlos	  y	  Gobierno	  de	  Madrid,	  2011.	  Web.	  16	  April	  2014.	  http://www.catedraetm.es/uploads/ficheros/paginas/descargas/201205/descargas-­‐bicing-­‐es.pdf	  [10]	  	  Ajuntament	  de	  Barcelona.	  Mobilitat.	  “2013.	  Dades	  bàsiques	  de	  Mobilitat”.	  February	  2014.	  Web.	  17	  April	  2014	  [20]	  El	  País.	  “Barcelona	  estrena	  el	  Bicing	  eléctrico	  con	  23	  estaciones	  y	  150	  bicis”.	  15	  December	  2014.	  Web.	  March	  2015.	  http://ccaa.elpais.com/ccaa/2014/12/15/catalunya/1418643614_836869.html	  [23]	  Ignasi	  Armengol,	  conference	  at	  Open	  Talent	  "El	  Bicing	  com	  a	  servei	  públic.	  Riscos	  i	  oportunitats	  des	  de	  la	  perspectiva	  de	  l'Ajuntament"	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e-­‐Bicycle	  maintenance	  costs	   0,54	   [€/trip]	  
γm_b_e	  
Definit
ion	   Bicycle	  maintenance	  costs	  of	  the	  e-­‐Bicing	  system	  per	  trip	  made.	  This	  cost	  is	  2,5	  times	  higher	  than	  the	  maintenance	  cost	  of	  the	  standard	  bicycles.	  	   	  
Raw	  da
ta	  
Total	  costs	  of	  the	  e-­‐Bicing	  	   5,1	   [M€]	   Source:	  [23]	  
Definit
ion	   Total	  cost	  of	  the	  pilot	  of	  the	  e-­‐bicycle	  system.	  According	  to	  I.	  Armengol,	  this	  is	  the	  total	  cost	  for	  a	  3,5	  years	  period	  of	  time.	  
Total	  investment	  costs	  	   1,44	   [M€]	   Source:	  [1]&[20]	  
Definit
ion	   See	  the	  estimation	  process	  in	  the	  Investment	  cost	  of	  e-­‐bicycle	  stations	  factsheet	  to	  see	  how	  it	  is	  calculated.	  
Percentage	  of	  the	  operations	  cost	  that	  accounts	  for	  bicycle	  maintenance	   22,4	   [%]	   Source:	  [1]	  
Definit
ion	   Of	  the	  total	  operation	  costs,	  bicycle	  maintenance	  costs	  represent	  a	  22,4%.	  
Estimated	  trips	  in	  3,5	  years	   1950725	   [trips]	   Source:	  [10]	  
Definit
ion	   See	  Administrative	  costs	  in	  this	  section.	  
Estima
tion	  pr
ocess	   	  Operational	  costs	  of	  the	  e-­‐Bicing	  are	  calculated	  by	  subtracting	  the	  total	  investment	  costs	  to	  the	  total	  costs	  (	  5,1	  –	  1,44	  =	  3,66	  M€).	  The	  calculation	  of	  the	  22,4%	  of	  the	  total	  operation	  costs	  gives	  an	  estimate	  of	  the	  total	  bicycle	  maintenance	  costs	  for	  the	  e-­‐Bicing	  system:	  0,224 · 3660000 = 819840€/3,5  𝑦𝑒𝑎𝑟𝑠	  If	  this	  cost	  is	  divided	  by	  the	  estimated	  trips	  during	  these	  3,5	  years,	  the	  cost	  per	  trip	  is	  found.	  Sources:	  [1]	  	  	  	  López	  Rodríguez,	  Àngel.	  “Bicing	  –	  El	  transporte	  público	  individual	  de	  Barcelona”.	  Cátedra	  de	  
Ecotransporte,	  Tecnología	  y	  Movilidad,	  Universidad	  Rey	  Juan	  Carlos	  y	  Gobierno	  de	  Madrid,	  2011.	  Web.	  16	  April	  2014.	  http://www.catedraetm.es/uploads/ficheros/paginas/descargas/201205/descargas-­‐bicing-­‐es.pdf	  [10]	  	  Ajuntament	  de	  Barcelona.	  Mobilitat.	  “2013.	  Dades	  bàsiques	  de	  Mobilitat”.	  February	  2014.	  Web.	  17	  April	  2014	  [20]	  El	  País.	  “Barcelona	  estrena	  el	  Bicing	  eléctrico	  con	  23	  estaciones	  y	  150	  bicis”.	  15	  December	  2014.	  Web.	  March	  2015.	  http://ccaa.elpais.com/ccaa/2014/12/15/catalunya/1418643614_836869.html	  [23]	  Ignasi	  Armengol,	  conference	  at	  Open	  Talent	  "El	  Bicing	  com	  a	  servei	  públic.	  Riscos	  i	  oportunitats	  des	  de	  la	  perspectiva	  de	  l'Ajuntament"	  	   	  
	   liii	  
Stations	  maintenance	  costs	   0,47	   [€/trip]	  
γm_s_e	  
Definit
ion	   Stations	  maintenance	  costs	  of	  the	  e-­‐Bicing	  system	  per	  trip	  made,	  which	  is	  approximately	  2,5	  times	  higher	  than	  the	  maintenance	  cost	  of	  regular	  stations.	  	   	  
Raw	  da
ta	  
Total	  operation	  costs	  	   3,66	   [M€]	   Source:	  [1]&[20]&[23]	  
Definit
ion	   See	  Bicycle’s	  maintenance	  cost	  estimation	  process.	  
Percentage	  of	  the	  total	  cost	  that	  accounts	  for	  stations	  maintenance	  costs	   19,5	   [%]	   Source:	  [1]	  
Definit
ion	   Of	  the	  total	  operation	  costs,	  stations	  maintenance	  costs	  represent	  a	  19,5%	  of	  the	  total	  costs.	  
Estimated	  trips	  in	  3,5	  years	   1950725	   [trips]	   Source:	  [10]	  
Definit
ion	   See	  Administrative	  Costs	  in	  this	  section.	  
Estima
tion	   proces
s	   The	  calculation	  of	  the	  19,5%	  of	  the	  total	  operation	  costs	  gives	  an	  estimate	  of	  the	  total	  stations	  maintenance	  costs	  for	  the	  e-­‐Bicing	  system:	  0,195 · 3660000 = 713700€/3,5  𝑦𝑒𝑎𝑟𝑠	  If	  this	  cost	  is	  divided	  by	  the	  estimated	  trips	  during	  these	  3,5	  years,	  the	  cost	  per	  trip	  is	  found.	  	  	  Sources:	  [1]	  	  	  	  López	  Rodríguez,	  Àngel.	  “Bicing	  –	  El	  transporte	  público	  individual	  de	  Barcelona”.	  Cátedra	  de	  
Ecotransporte,	  Tecnología	  y	  Movilidad,	  Universidad	  Rey	  Juan	  Carlos	  y	  Gobierno	  de	  Madrid,	  2011.	  Web.	  16	  April	  2014.	  http://www.catedraetm.es/uploads/ficheros/paginas/descargas/201205/descargas-­‐bicing-­‐es.pdf	  [10]	  	  Ajuntament	  de	  Barcelona.	  Mobilitat.	  “2013.	  Dades	  bàsiques	  de	  Mobilitat”.	  February	  2014.	  Web.	  17	  April	  2014	  [20]	  El	  País.	  “Barcelona	  estrena	  el	  Bicing	  eléctrico	  con	  23	  estaciones	  y	  150	  bicis”.	  15	  December	  2014.	  Web.	  March	  2015.	  http://ccaa.elpais.com/ccaa/2014/12/15/catalunya/1418643614_836869.html	  [23]	  Ignasi	  Armengol,	  conference	  at	  Open	  Talent	  "El	  Bicing	  com	  a	  servei	  públic.	  Riscos	  i	  oportunitats	  des	  de	  la	  perspectiva	  de	  l'Ajuntament"	  	   	  
	   liv	  
Operative	  cost	  
1,48	   [€/trip]	  
γe_e	  
Definit
ion	   Cost	  of	  administrative	  and	  maintenance	  operation	  of	  the	  e-­‐Bicing	  system.	  The	  same	  costs	  of	  the	  standard	  Bicing	  system	  are	  of	  0,62	  €/trip.	  
Raw	  da
ta	  
Administrative	  costs	   0,47	   [€/trip]	  
Definit
ion	   Administrative	  and	  management	  costs	  of	  the	  e-­‐Bicing	  system	  per	  trip	  made.	  The	  administrative	  costs	  of	  the	  standard	  Bicing	  system	  are	  of	  	  0,23	  €/trip.	  Cost	  of	  bike	  maintenance	   0,54	   [€/trip]	  
Definit
ion	   Cost	  per	  trip	  of	  the	  maintenance	  of	  the	  e-­‐bicycles’	  fleet.	  The	  cost	  of	  standard	  bike	  maintenance	  is	  of	  0,21	  €/trip.	  
Cost	  of	  stations	  maintenance	   0,47	   [€/trip]	  
Definit
ion	   Cost	  per	  trip	  of	  the	  maintenance	  of	  the	  stations.	  The	  cost	  of	  standard	  stations	  maintenance	  is	  of	  0,18	  €/trip.	  
Estima
tion	   proces
s	   The	  addition	  of	  the	  three	  components	  listed	  above	  gives	  the	  total	  operation	  costs	  of	  the	  e-­‐Bicing	  system.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	   lv	  
Maximum	  distance	  (fully	  charged)	   40	   [km]	   Source:	  [20]	  Db	  
Definit
ion	   Distance	  that	  a	  fully	  charged	  e-­‐bicycle	  can	  travel.	  This	  distance	  is	  an	  average	  and	  it	  might	  be	  modified	  by	  the	  level	  of	  assistance	  chosen.	  
	  Source:	  [20]	  El	  País.	  “Barcelona	  estrena	  el	  Bicing	  eléctrico	  con	  23	  estaciones	  y	  150	  bicis”.	  15	  December	  2014.	  Web.	  March	  2015.	  http://ccaa.elpais.com/ccaa/2014/12/15/catalunya/1418643614_836869.html	  	  
Average	  speed	  of	  an	  e-­‐bicycle	   15	   [km/h]	   Source:	  [-­‐]	  Vb	  
Definit
ion	   Speed	  at	  which,	  as	  an	  average,	  a	  user	  can	  circulate	  with	  an	  electrical	  bicycle	  in	  an	  urban	  environment	  considering	  that	  the	  maximum	  speed	  of	  an	  e-­‐bicycle	  is	  20km/h.	  	  	  
Available	  usage	  time	  of	  a	  fully	  
charged	  bicycle	   2,7	   [h]	   Source:	  [20]&[-­‐]	  
Tb	  
Definit
ion	   Travelling	  a	  distance	  of	  40	  km	  at	  an	  average	  speed	  of	  15	  km/h	  means	  that	  a	  fully	  charged	  bicycle	  can	  be	  used	  during	  2,7	  hours	  without	  needing	  to	  be	  recharched.	  
	  Source:	  [20]	  El	  País.	  “Barcelona	  estrena	  el	  Bicing	  eléctrico	  con	  23	  estaciones	  y	  150	  bicis”.	  15	  December	  2014.	  Web.	  March	  2015.	  http://ccaa.elpais.com/ccaa/2014/12/15/catalunya/1418643614_836869.html	  	  	  
Time	  to	  fully	  charge	  an	  e-­‐bicycle	   2	   [h]	   Source:	  [4]	  Tb’	  
Definit
ion	   The	  maximum	  charging	  time	  needed	  to	  fully	  charge	  an	  e-­‐bicycle	  is	  of	  2	  hours.	  
	  Source:	  [4]	  	  	  	  Bicing’s	  website,	  Ajuntament	  de	  Barcelona.	  Visited	  several	  times.	  www.bicing.cat	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